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ABSTRACT
. \\g(oé

This review concentrates primarily on the problem of interpreting the
recent X-ray and y-ray obsefvations of celestial sources. The expected fluxes
of hard radiation from various processes are estimated (when possible) and are
compared with the observations. We compute the synchrotron, bremsstrahlung,
and (inverse) Compton spectra originating from relativistic elecirons produced
(via meson production) in the galaxy and incergalactic medium by cosmic ray
nuclear collisions; the spectra from m°-decay are also computed. Neutron stars,
stellar coronae, and supernova remnants are reviewed as possible X-ray sources.
Special consideration is given to the processes in the Crab Nebuia. Extra-
galactic obJjects as discrete sources of energetic photons are considered on the
basis of energy requirements; special emphasis is given to the stronz radio
sources and the possibility of the emission of hard radiation during their
formation. The problem of the detection of cosmic neutrinos is reviewed.

As yet, no definite process can be identified with any of the observed
fluxes of hard radiation, although a number of relevant conclusions can be

drawvn on the basis of the availeble preliminary observational results. In

particular, some cosmological theories can be tested.
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I. INTRODUCTION v

Except for the possible existence of an intergalactic gas, the bulk of
fhe mafter in the universe is in the interior of stars. Most of this‘stellar
matter is at a temperature of ~4106°K, while in some stages of stellar
evolution the teﬁperature may reach logbK. Due to the high opacity of stellar
matiter the keV-MeV photons emitted in the interior of stars are absorbed and
degraded to lower energy befpre they reach the stellar surface. Thus, the
visible stellar matter in the universe lies in the relatively cool photospheres.
where the temperature is about 103-105°K and where the ~ eV photons observed
by optical astronomers are emitted. There are, however, a number of processes
in the universe which are capable of producing observable high energy photons;
these processes usually involve high energy non-thermal electrons. Observatioﬁs
of these high energy photons are extremely difficult due to the necessity of
carrying out the experiments above the earth's absorbing atmosphere by means
of rockets, satellites, or balloons. Nevertheless, during the past few years
a number of workers have succeeded in detecting fluxes.of energetic cosmic
quanta. Although these observations are very preliminary, it is clear that a
great deal of knowledge may be gained from the interpretation of this data.

Of special interest is the application of the observations to the analysis and

testing of cosmological theories (see Sect. IIh,i). We feel that many cosmological

questions may be answered in the near future by the analysis of observations of
high energy photons and neutrinos. At present this relatively new field of
research is in its infancy and our review will probably soon be out of date.

It is our hope that it will be of some use as a guide for the interpretation of
observations in the near future.

We might summarize briefly some basic physical processes by which energetic

photons are produced. First we list the processes which produce continuum
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radiation: 1) Bremsstrahlung is emitted in the interaction of . charged particless
w&th matter. It results from e-p Coulomb scattering at non-relativistic energies
énd from both e-p and e-e scatterings at relativistic energies. 2) The Compton
scattering of a low energy thermal photon by a high energy electron produces

a high energy scattered photon, the energy being transferred from the electron.
This process was first discussed by Feenberg and Primakoff (1948). Fermi
pointed out that this was probably the mechanism by which electrons were re-
moved from the primary cosmic ray flux. 3) Electrons moving in magneticvfields
emit synchrotron radiation; this is the primary mechanism for radio emission in
galaxies. Very high electron energies are required to produce high energy
photons by this process; cosmic synchrotron spectra probably extend at most to
photon energies in the keV-MeV range. U4) Gamma rays result from the decay of

™ -mesons (v - 2y) following the production of mesons in collisions between
primary cosmic ray particles and nuclei of the interstellar and intergalactic
gas. Cosmic ray nuclear collisions are also a source of high energy electrons
via charged pion production and (mw - u — e) decay, as was proposed by Burbidge
and Ginzburg in the early attempfs to understand radio sources. A recent dis-
cussion applying to galactic radiation has been given by Pollack and Fazio (1963)
and by Ginzburg and Syrovatsky (196L4). m°-gammas are also produced following
meson production in matter - anti-matter annihilation. Some processes which
produce line radiation are: 5) Characteristic X-rays are produced following

the ejection of an atomic inner shell electron by, for example, a high energy
particle or photon flux. The resulting cascade transitions give rise to the
emission of K, L, etc.-series X-rays. 6) Gamma rays are produced in the annihi-
lation of electrons and positrons (e’ +e” - 2vy). Energetic positrons in the
interstellar (but not intergalactic) medium come essentially to rest by various

energy loss processes (see Sect. II) before annihilating, and the resulting y-rays



. <
+ are essehtially monoenergetic at about 0.51 MeV. 7) The formation of deuterium

vian+p—-4a+ v (the inverse of photodisintegration) produces a photon of
energy 2.23 MeV. This is the only low energy nuclear reaction we have listed
here which gives rise directly to y-radiation. There are many low energy
reactions which give rise to y-rays either directlj or indirectly, but in
general they will occur only in stellar interiors so that the y-rays do not escape.
However, there are some indications that nuclear reactions sometimes take place
in stellar surfaces, So th;£ these wy-rays may be observable. Both the 0.51 and
2.23 MeV lines were mentioned in an early paper by Morrison (1958) on the subject
of gamma ray astronomy.

Most of the basic photon-producing processes are considerd in Section II
where the‘backgrouﬁd spectra from synchrotron radiation, bremsstrahlung, and
the Compton process by high energy electrons and from m°-decay in the inter-
stellar medium, the galactic halo, and the intergalactic medium are computed.
The energetic electron spectrum is computed from secondary production via m-u
decay with the pions producéd in nuclear collisions (proton-proton) of cosmic
rays with the interstellar and intergalactic gas atomic nuclei and from the
various electron energy loss processes. In Section III we consider the pro-
duction (especially of X-rays) by stars, in particular from stellar coronae
and from neutron stérs. Supernova remnants are treated in Section IV where
special consideration is given to the Crab Nebula. The possibility of observing
extragalactic discrete sources of energetic quanta is studied briefly in Section
V. The problem of detecting cosmic neutrinos is considered in Section VI.

We shall concentrate in this review in attempting to give reasonable
theoretical estimates of the fluxes of hard radiation which may be generated in
a variéty of celestial sources. However, we wish to stress again that our philosphy
is that the detection of hard radiation as an observational science is still in a

very rudimentary state and the observations to date cannot be used to refine the
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the theory in any significant way. We reiterate that we can only give plausible
estimates of the fluxes to be expected, and some surprises of the kind that

have been encountered in radio astronomy over the past fifteen years may well

V be in store.




II. PRODUCTION IN THE INTERSTELLAR GAS, THE GALACTIC HALO, ‘
AND THE INTERGALACTIC MEDIUM
In this section we consider the general background flux of cosmic photons
producea in electromagnetic interactions involving non-thermal particles. A
source of high energy particles is provided by the ordinary cosmic rays, in
particular the cosmic ray protons, whose energy spectrum is known and extends

up to A&OEO ev. The protons themselves are not efficient at producing photons

.

in direct electromagnetic interactions, due to their large mass. However, high
energy electrons can result from nuclear collisions of cosmic rays in which a
shower of pions are produced; the charged pions then décay into electrons via
™= p —~ e. The energetic 'secondary" electrons which result can produce high
energy photons by a number of processes, and these will be conuidered later in
this section. The photon spectrum produced by a specific process is determined
(among other things) by the electron spectrum, which in turn is determined by
the cosmic ray proton spectrum. We shall assume a universal cosmic ray specirun,
that is, except near local sources of cosmic rays, the cosmic ray flux at any
place in the universe is assumed to be the same as that measured at the earth.
(1963)
Ginzburg and Syrovatsgz/have argued against a universal cosmic ray Ilux and
estimate that the intergalactic cosmic ray density is smaller than the local
(galactic) value by a factor ~1073, However, their reasoning is based on equi-
partition arguments and is, in our opinion, not convincing. The intergelactic
cosmic ray density is just one of a number of poorly known parameters with which
one is confronted in making estimates of photon production processes; for example
the gas density and magnetic field in the intergalactic medium cen only ve esti-
L ed roughly. OCI coursse, 10 Liwy Dé that there exists a "primary" cosmic ray
electron component, where by primary electrons we mean those which may have been

accelerated by the same process and in the same sources that procuced the cosnic
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ray protons. This guestion is open. Recent experiments by De Shong, Hildebrand,
and Meyer (1964) measuring the electron/positron ratio in the local cosmic ray

flux are certainly relevant to this problem but the experiments still do not

allow a definite conclusion regarding the primary or secondary origin of these
electrons and positrons. We shall consider only the contributiocn from secondary
electrons., It might be remarked that the acceleration of protons without an
accompanying acceleration of electrons can be envisaged easily, since the electrons,

with their smaller mass, lose energy by electromagnetic processes more readily.

We shall take a universal differential cosmic ray flux given by

-T
dJ =K P a 1
Jp D 'Yp Yp: ( )

where de is the number of incident protons per cm2 per second having Lorentz
2 .
factors =E /m c within 4 centerec at ; here X and I”_ are constants.
Y, (= Ej/m c%) Y, et at v ); o o t

By appropriate choice of Kp and Fp the power law (1) can be used to describe th
observed flux for any range of YP' The choice Tp = 2.6, K.p = 100 cm_2 sec‘l fits
the observations (cf. Singer 1958) over many orders of magnitude of Yp in the
high energy range. At lower energies the actual flux is smaller than that
described by this choice of TP, Kp. The extrapolation from hign energies is

too large by a factor ~p at yb ~100 and by a factor ~4 at YP = 10. Since we are
interested in the effects of the high energy cosmic rays we shall adopt the above
values for the parameters Fp, Kp in the calculations outlined in this section.
‘Given the astronomical parameters (gas density, magnetic field, etc.), the cosmic
photon fluxes from various processes (synchrotron radiation, bremsstrahlung,
Compton effect, etc.) are essentially determined by the cosmic ray spectrum.
However, due to uncertainties in our knowledge of the physics of certain processes,
in particular that of meson production in high energy nuclear collisions, the

calculated photon fluxes must be considered at best only order of magnitude esti-

mates. Uncertainties in the astronomical parameters further complicate the



interpretation of the results. In view of this, a number of simplifying asstxpiions

and approximations are made in the calculation of the physical processes.

After discussing meson production in cosmic ray collisicns (part a) the
electron production spectrum is derived in (b). Electron energy losses in the
galaxy and intergalactic medium are treated in (c) and (d) and the resulting electron
spectra are derived in (e). The photon fluxes are calculated in (f) and a discussion
and comparison with the observational results fbllows. Some cosmological consider-

ations of photon production in the intergalactic medium are given in (h), (i).

a) Meson Production in Cosmic Rey Nuclear Collisions

All of the laboratory results on meson production are for incident proton
energies less than 10 Bev at which it is possible energetically to produce only a
few relatively low energy pions per inelactic collision. Our knowledge of meson
prbduction by high energy protons is based primarily on theory, and the theories of
meson production are very crude; of course, an accurate theoretical treatment of
the problem would be extremely difficult, probably beyond our present knowledge of
elementary particle interactions. The simplest theory of meson production in high
energy nuclear collisions is that of Fermi (cf. Marshak 1952) and is outlined
briefly below, (i). The theory predicts the correct shape for the spectrum of
high energy wy-rays resulting from m° 's produced in cosmic ray collisions (ii).

(i) Fermi Theory of Meson Production

Consider the collision of a proton of (lab) energy Y, mpc2 incident on
a proton at rest. In the center of mass (c.m.) system the total energy of the
1
two protons is 2y m c2 = [2(y. + l)]2 m c2, where §_ is the Lorentz factor of
PD Y P P

the protons in the c.m. system. Each proton carries a cloud of virtual pions;

in the proton's rest frame the radius of this cloud is approximately‘/\Trz §7m7¢:
[}

where mﬂ is the pion mass. The interaction cross section is then o ~ . /\i,

In the c.m. system each cloud is contracted in the direction of motion by a

factor i%, and when the protons collide the maximum common vo.ume of the meson



clouds (which, presumably, is when the interaction is strongest) is

Jhmop3 (2)

-

AV =
3 T v
For high proton energies it is possible energetically to produce many pions

in an inelastic collision and Fermi made the assumption that the interaction
in the volume (2) was strong enough to produée a distribution of pion energies

corresponding to thermal equilibrium with most of the initial proton kinetic

energy having been fed into the pion gas. Also, the pions are predominantly

highly relativistic and thus have a Planckian distribution. The "temperature”

1
for this distribution is easily shown to be kT kﬂYbu mﬂce, so that in the c.m.

system the mean pion energy cérresponds to

1

< ) v F
(yﬂ>~yp, (3)
and in the lab system (where one of the protons is initially at rest)
1
o oy 3 I
<Yﬂ> YP yb A,\b . (L)

Fermi assumed that the distribution arising when the pion clouds of the
colliding protons overlap is "frozen in", so that equation (4) would epply
to the pions produced in the collision. Eguation (4) also implies that the

multiplicity of pions produced is proportional to (and is, in fact, roughly

given by) Yb%‘

A number of attempts have been made to improve the Fermi theory and
some authors have taken a quite different approach to the problem. However,
these alternative theories usually predict a pion production spectrum not
radically different from that of the Fermi theory. The assumption of thermal
equilibrium in the Fermi theory has been questioned by Landau (1953), who has
developed his own theory of meson production. Another defect in the simple
Fermi theory is that the effects of thé production of other unstable particles

(for example K-mesons), which eventually decay into pions, has not been taken




L3
into account. Nevertheless, for our purposes essentially the only result
which need be specified is the relation between multiplicity (and mean
pion energy) and \b. The detailed shape of the pion energy spectrum pro-

duced by an incident proton of given energy need not concern us.

(ii) Pion Production Spectrum

3

The number of pions produced per second per cm~ within the energy

range dYﬁ in p - p collisions would be computed from

g (y) dy_= .f az, ny o £ (v v) v, (5)
whexre dJP is the differential incident cosmic ray proton flux, ny the
local density of hydrogen nuclei, o (~ m /1n?) the total (excluding the
multiplicity factor) cross section for the c¢vent, and f(yﬂ; yp) the dis-
tribution function for the pion production spectrum. We approximate the
spectrum f(Yn; Yp) by a product of the multiplicity (k:YP%) and a §- function

at the mean energy (szpB/u) of the pion spectrum for given yb:

2y v,) ~ gt 8 (- v - (6)

With a cosmic ray spectrum given by the power law (1) we then obtain
r L

ay () ~ /AL oy v T T =2 (0 - D). (1)

The §-function approximation (6) does not introduce appreciable error.
For example, if one computes qﬂ(yﬂ; YP)’ using the Wien approximation to
the Planck thermal distribution, one obtains a slowly varying function
of Yo times Yor to the power m%(Fp - %), that is, essentially the same
result as equation (7). Moreover, the exponent in the spectrum (7)

will be the same for the case where the mass of the incident cosmic

ray particle is different from that of the "target" nucleus. In such

a case the analysis follows analogously, since the Lorentz factors in the
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1
c.m. system are still proportional to 42 (when vy is large), where y is
the Lorentz factor of the incident particle in the rest frame of the
target particle.

(;11) An Experimental Test for qﬂ(yﬂ)

For nuclear collisions at high energy the number of m , m , and m°
mesons produced are the same, as is their energy distribution. The 7°
decays via m° - 2y, with the mean (lab) y-ray enmergy being roughly Eﬂ/2.
Thus, a measurement of the y-ray spectrum from m°-mesons produced in
primary cosmic ray events would give the pion source spectrunm qﬂ(yﬁ).
Recently, Kidd (1963) has measured the spectrum of high energy v's from
m° -mesons produced by cosmic rays at the top of the atmosphere. By per-
forming the experiment at high altitudes he was able to observe y's from

m°'s produced predominantly in primary jets. Kidd found for the differential

energy spectrum of the y-ray flux a power law with exponent Fo = 2.9 jg’g.
The y-ray energy range observed by Kidd was 0.7 x lOll eV < EO < lO12 ev,

corresponding to lO3 < ey <VlOA and lOu < Y, <2x lOS. At these proton

energies the cosmic ray spectrum is described by the high erergy fit with
Fp = 2.6. The corresponding Tﬂ from equation (7) is 2.8 and is consistant
with the value (I“O) measured by Kidd. We should like to emphasize that
Kidd's experiment confirms 1;he results of the Ferml theory, but not the

fundamentals of the theory itself.

b) The Electron Production Spectrum

+ +
In the charged pion decay (m - u + v) most of the center of mass kinetic

energy released to the products wp, v is carried away by the neutrino whose

energy is small compared with mﬁce. The resulting lab energy of the muon is

then approximately (mu/mﬂ) En’ where E1T is the lab energy of the pion before

+ + )
decay. @he electron resulting from the muon decay (u - e + 2v) is highly

- 11 -
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products. Thus, the mean energy in the spectrum of electron energies is about
‘m ¢ in the rest frame of the p, and the mean lab energy (Ee) of the
1
electron resulting from the ™ — p = e decay is roughly % (mp‘/mn) E_~7 E_; thus,
1 . .
<Ye> ~ 'E(mn/me) (yﬂ). Approximating the electron spectrum ;f—(ye; Yn) by

a §-function at this energy we get, for the electron source spectrum,
2 o
qe(Ye)dYe ~3 j q‘n(Yn) dvn o (Ye - T m, Yrr) dYe

_8meq“<l+me ‘Y) dy ; (8)

= S e 2

3m1T m1_T e e

a factor 2 has been introduced because only charged pions decay into electrons.

3
We shall consider production and energy losses of electrons with 102 = A = lOlO

corresponding to 1 < Yot = 108 and to 1 < Yp = lOll.

c) Electron Energy Losses in the Galaxy

Here we consider the various processes tending to decrease the energy of
high energy electrons in the galaxy. We calculate the average rate of energy
loss in the galaxy which we consider as the region within the jalactic halo of
radius Rh ~5x lO22 cm.  Actually, energy losses involving interactions with
the galactic gas occur predominantly near the plane of the galaxy where most of
the gas lies and where the gas is predominantly unionized. The volume of this

2

disk of galactic interstellar gas is ~ 10 ° of the volume of the galactic halo.

(i) Ionization Losses

The energy loss due to ionization and excitation of the interstellar gas
may be computed from Bethe's formula for the stopping power. For high
energy electrons this formula is

/d'Ee orme 4 Y, 3m
T 5 Ln
I m, c 2

(9)

o h|®
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wﬁere Io is the meah excitatioh energy of the stopping material.(hydrogen),.
and n is the number density of atoms of the material. The argument of the
logarithm in equation (9) is very {grge and IO may be set equal to the
Rydberg energy + o m.ec2 (a'l ~ 137). We then have for the ionization

loss in a hydrogen gas of mean density ¢(n);:
-{ay_ /at)_ = emer 2 (n) 4n (2 3/o:u) (10)
Ye I o] Ye :

Here ro'(= ez/mec2) is the classical electron radius. The energy loss

computed from equation (10) is shown as a function of A in Figure 1 for

a mean gas density (n) = 0.03 cm-3. This mean galactic gas density corresponds
to a mean density near the plane of the galaxy of 3 cm™3. This value (3 cm73)
is about three times the observed density of atomic hydrogen. The higher
value may be more appropriate if there is a high abundance of inter-

stellar modecular hydrogen (Gould, Gold, and Salpeter 1963).

(ii) Bremsstrahlung

The energy loss rate by bremsstrahlung emission would be computed from

rh
- ( = l N
\dE/dt)B ne (hudar, , (11)

where n is the density of hydrogen nuclei and doB is the differential cross
section for the emission of a bremsstrahlung photon of energy within hdw;

in equation (11) the integral is over w from O to yémecg/h. For doy we take
the approximate simplified expression (see Jauch and Rohrlich 1955)

dGB a;h o ri ufl dw 4n 2\é and calculate the mean bremsstrahlung loss rate:

2
- (dyé/dt>B ~Uheca r {n) Y, 4n v, (12)

This 1is the bremsstfahlung loss rate for interaction of electrons with
protons and would be appropriate for calculating the energy loss in regions
of ionized hydrogen. Actually, most of the galactic bremsstrahlung is

likely to be produced near the galactic plane where the gas is predominantiy
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atomic or molecular, and a correction for the associated shielding effects
of the atomic electrons must be made. In fact, for the electron energies

of interest the strong shielding expression would be more appropriate. In

this case the argument of the logarithm in egquation (12) should be replaced

by~137 (see Heitler 1954). Using this corrected expression thne bremsstrahlung

loss rate was computed for (n) = 0.03 cm'3 and is shown in Figure 1.

(iii) Synchrotron Losses

1
It is well known that a highly relativistic electron of energy Ee in

a magnetic field H moves in a circle with a Larmor radius T, = Ee/eH and
radiates energy by the synchrotron process at a rate
_ 2 2 5.2 2 -
-{a Ee/dt)s ==cr] HD Y, (13)
3
The frequency spectrum of the radiation consists in a continuum with a
maximum around VL yéz, vL (= eH/2n mec) being the Larmor frequency. The
6

loss rate -(dyé/dt)s is shown in Figure 1 for a magnetic field H = 3 x 10~
gauss corresponding to the galactic halo.’

(iv) Compton Scattering by Stellar Photons

The Compton process, whereby a high energy electron makes an elastic
collision with a thermal stellar photon, and transfers some of its kinetic
energy to the photon, has been considered invsome detail by Feenberg and
Primakoff (1948) and by Donahue (1951). More recently, Felten and Morrison

(1963) have suggested this process as a mechanism for producing energetic

I’

photons. Consider the collision between an electron of energy Yo mecd and

a thermal photon of the galactic radiation field of initial energy '¢ . Let

i

er denote the photon energy after scattering; let ei denote the initial
% .

energy of the photon in the rest frame of the electron; er A~ Yy €L For

*

er << m,ec2 the cross section for the scattering process is given by the

Thompson limit:

-1k




) o 8—11 r 2 (l)-l-) .

while the mean energy loss per scattering may easily be shown, by the

kinematics of the problem, to be

— 2

(e7) ~y, €L _ (15)
2

*
For collisions with very high energy electrons in which ar >> m.c,

the Klein-Nishina formula must be used to compute the scattering cross

section. For high energies this formula approaches

2 *
m, ¢ 2 €r
Ol =TI, < In 5 (16)
€ m_ c
r e

while the mean energy loss per scattering is now comparable to the initial

energy of the electron:

- 2 )
(e; - ~ Y, m,c. (17)

The electron energy loss is computed from
~(aE_/at), = e {{on_(c.) T ac), (18)
e C o r 1’ r "r
where nr(er)der is the number density of photons of energy within der in
the radiation field. We shall lump the stellar radiation field into one
! n, = pr/Er’ where 0. is the

- ' .
mean photon energy € . Then Jnr(er)aer
radiation energy density and nr the number density of photons. For a

thermal (black body) radiation field ar is approximately 3 kTo, where TO
is the temperature of the thermal distribution. By employing the expressions
for ¢ and E; for the low energy region (I) where Y, < meceﬁz'r and the high

energy region (II) where Y, >> mecgf'é'r we get for the energy loss rates:

2
dy 8 T
g < 3 me 0 Co D)
' e
a (p.) 2y ¢
ey - o243 — tn =T (19 TI)
at oI o} e = n (:2
r e




N ¢
It is interesting to note that at low energies the energy loss rate is

broportional to the radiation energy density (pr) winile at high energies
it is essentially proportional to (nr>/5r. Most of the contribution to

the radiation field in the galactic halo comes from the relatively cool

stars in the nuclear region of the galaxy. We shall take Zr = 3 eV’and

(pr) - 10713 erg/cm> as representative values for the radiation field in
the halo. The corresponding energy loss rate is shown in Figure 1. The
curves for regions I and II were joined smoothly.

(v) Leakage Out of the Galactic Halo

Even for electron energies as high as A ~.1olo the Larmor radii are
only ~ 1 pc, which, presumably is much less than the scale of "magnetic
field condensations" in the halo. For this reason the high energy electrons
moving in the halo are likely to penetrate only the outer edges of the
magnetic field regions, andﬁthe paths of the electrons would resemble that

of Brownian motion. The mean free path would correspond to motion between

magnetic field condensations and, because of the smallness of the electrons’
Larmor radii, would be independent of energy if the magnetic field between

the condensations were very small. The mean leakage time 7. for escape

L
from the halo would be roughly

T, ~ R e, (20)

where R (=5 x 1022 cm) is the radius of the halo and A is the mean free
path for Brownian motion. The appropriate value of A to be used to calculate

I, is very uncertain. In the galactic disk the mean distance between gas

clouds is ~ 100 pc; A for the halo is probably larger than this. Taking

A = 1 kpc we“calculate T, ~3x 10%7 sec.

In a leakage process the energy of the electron is not lost gradually;

instead essentially the total energy of the particle is lost {to the inter-
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galactic medium) instantaneously. The equivalent loss rate is then d
- <d'Ye/dt>L = Ye/TL’ (21)
1
and this quantity is plotted in Figure 1 for T, = 3 x 10*5 sec,

d) Electron Production and Energy Losses in the Intergalactic Medium

The calculation of processes;in the intergalactic medium is made diffiéult
by our lack of knowledge of the astronomical parameters such as the gas density
and magnetic field. Here we shall present results for assumed values of the
parameters. The calculated production rates and energy losses are simply re-
lated to the parameters and can be easily revised when better astronomical data
are available. Actually, it may be that some additional knowledge of these
poorly known data may be éained from further interpretation of the high energy
cosmic photon experiments.

As mentioned earlier, we assume a universal cosmic ray flux. The pica and
electron production ratesiare then proportional to the intergalactic gas density
and this gas is very likely to be predominantly hydrogen. Observationally, the
upper limit to the intergalactic density of atomic hydrogen is ~‘lO-5 em™3 (Field
1962; Davis 1964); the amount of ienized hydrogen is unknown. The usually assumed
total density of intergalactic hydrogen is (nH) ~ 1077 cm-3; this is the so-called
cosmologicall value and is the figure which we shall adopt. Also, we shall

1 - . . .
Several cosmological theories including Hoyle's formulation of the steady-state

theory, lead to values of this order for the mean density in the universe. One
can arrive ai this result by simply setting Eo + V = 0, where EO (= MCQ; M is the
"mass of the universe") is the rest energy of the universe, and V (~:-GM2/R; R is
the "radius of the universe" or Hubble radius) is the gravitational energy. The
resulting mean density is about two orders of magnitude greater than the observed
smeared out density (~ 3 x 1073t gm/cm3) from galaxies. The bulk of the matter

in the universe is then attributed to the uncondensed intergalactic gas.
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" assume that the intergalactic hydrogen is fully ionized. We adopt lO-T gauss

for the mean intergalactic magnetic field. Certainly the intergalactic medium
must have some, if only random, magnetic field. The intergalactic radiation
rield can be estimatéd-with some reliability. The contribution from all galaxies
in the universe results in a radiation field similar to the galactic (halo)
field but diluted by about a factor of ten. Thus we take (p}) = lO-lu erg/cm3
and, again, E} = 3 eV.

Assuming the above values for the gas density, magnetic field, and radiation
density in the intergalactic medium the various pfocesses can be calculated

readily by employing the relations given in part (c) of this section for galactic

processes, However, for the bremsstrahlung contribution one must include the

effects of electron-electron bremsstrahlung Bee (see Jauch and Rohrlich 1955)
as well as the contribution from Bep' Since the cross section for high energy

Bee is approximately equal to that for Bep’ and since n, = np for the assumed

fully ionized intergalactic medium, the total bremsstrahlung loss -(dyé/dt>B

is given by simply twice the expression (12) with {(n) = 1077 em3. 2

Although Bee Q’Bep for highly relativistic electrons, for non-relativistic
electrons Bee < Bep' Essentially, this is because the photon emission by the

non-relativistic system results from the dipole moment formed by the e-p systemn.

The "ionization losses" for the fully ionized intergalactic medium actually

correspond to production of plasma oscillations. The associated expression for

the electron energy loss at high energies reduces to (see Hayakawa and Kitao 1956)
2

dy 2m ¢ vy
-<——9: =bnrec ) 4n —— 2 (22)
dt o hw
P P

1
where @, (= [hnee (n)/me]z) is the plasma frequency. Thc result is plotted

in Figure 2.
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For the intergalactic medium one should consider another "effective"
energy loss process. The expansion of the universe results in an effective

energy loss for the electrons in & given volume of

"(d'Ye/dt> = ‘Ye/'r 3 (23)

. s as . . . 1 -1 7
where T 1s the characteristic expansion time given by 3 H  ~ 10 sec
(H = Hubble constant). The factor -%. takes into account the fact that the

expansion is three dimensional, that is, H'l is the characteristic time for the

one dimensional expansion. The effective energy loss due to expansion is plotted.

in Figure 2 for g = lOlT sec, along with the energy losses due to bremsstrahlung,

synchrotron radiation, and Compton scattering.

e) The Electron Energy Spectrum in the Halo and Intergalactic Medium

Here we consider the electron spectrum which results from production (via
M-y~ decay) in nuclear collisions of cosmic rays and from the various loss pro-

3

cesses. Let ne(yé) dy, denote the number of electrons per cm with energies
Withinn% 02 dyélihe spectral electron density ne(yé) satisfies a continuity
equation in vy, (energy) space:

on_ (v,)

P} dy o
e e e N\
—_— 4+ — (n(y)— = q.(v.)- (25)
a‘t B‘Ye ( e e at / % 1 'e

In Equation (24) the terms on the right hand side (r.h.s.) represent sources and

sinks of high energy electrons corresponding to production, anninilation, and

to processes leading to a sudden loss of a large fraction of the energy of the
electron; terms representing leakage out of the halo or the expansion of the

universe would also be included on the r.h.s.. The factow dyé/dt represents the

total gradual energy loss from processes described earlier. We shall consider

steady state conditions, so that ane(\%)/at = 0.
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i) Electron Spectrum in the Galactic Halo

. b
From Figure 1 we see that for y < 10 (region I) the effective energy
loss is primarily by leakage from the halo and the continuity equation re-

duces to

0 =q/(y,) - n(y)/7p, (25)
where qe(yé) is the production spectrum given by equation (8) and is of
the form keygrﬁ, and 7 is the leakage time. Thus, for y_ < loh;ne(yé) is
of the form

ne(I)('Ye) - Ke(I) Ye TT’ K ( =T k . (26)

The electron spectrum in region I is essentially the same as the production.
spectrum, that is, the electrons escape from the galaxy without losing an
appreciable amount of their original production energy.

For Yo = lO5 (region II) the electrons lose their energy primarily by
synchrotron radiation for which dyé/dt = -b\ée, and the continulty equation

reduces to

3 7/ 2 -I'y
-P E?; k‘Ye ne(\(e)> = qe('Ye) = ke Ye ) (27)

The solution is then
(11) o -Te+ 1) (11) _
n, (ye) = K, Y, , K = ke/b(l“TT -1). (28)

With the assumed values for the parameters and with ke computed from
equations (7) and (8) the calculated spectral electron density is shown in

Figure 3. The solutions for;ne(\%) in regions I and II were joined smoothly.

ii) Electron Spectrum in the Intergalactic Medium

The approximate spectrum of the intergalactic electrons is calculated by
p)

similar procedures. We approximate the effective energy loss for A < 10

6 . -
(region I, see Fig. 1) by the expansion loss and for y, 2 10 (region II)
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by synchrotron losses. The electron spectrum in the two regions is

then given by expressions similar to equations (25) and (27) for the halo,
essentially with I, replaced by g The calculated spectrum, the curves

for the two regions joined smoothly, is shown in Figure 3 for the previously
stated assumed values of the astronomical parameters.

f) High Energy Photon Flux from Various Processes

The photon production spectrum by a given process may be computed from the
electron (energy) spectrum ne(yé) and the expression for the photon emission
spectrum by this process as a function of Yo Denote the photon energy by €.
The energy loss by an electron of}energy Ee in time dt due to the emission of
dN photons of energy within de is

-dE, = € 4N = f(E,, e) ae dat, (29)

where f(Ee,e) is the emission spectrum. The number of photons emitted per cmj'

Per second per interval of ¢ by an electron spectrum ne(yé) would then be

dn - dn(e) aN
It de JdV Y) e (30)

We now approximate the emission spectrum by a &-functicn at the characteristic

photon energy eC:

2
m c  dy
dN 1 e ] 5
Tea = ¢ 1(Beoe) m- = g 8 (e-5), ()

where ec = ec(yé). The photon spectral flux due to emission along a line of

'sight of path Jﬁs = R would be

i) - 47 _ [anle) o5 - @le)y 5, (

(@))
[\
~

The incident photon spectra from both the galaxy and the intergalactic medium are
readily calculated from the equations (30), (31), and (32) using the derived
electron spectra ne(yé) and the e-pr>ssions for the energy losses -(dyé/dt>.

‘s 2 2 .
For synchrotron emission €, R‘hui Yo 3 for bremsstrahlung €, ~mCy for
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the Compton process from electrons with y, << mecz/Er, € w?ryee-; for the °

cC

Compton process from electrons with Yo >> mece/_'Er, ec ~ mecg Yo

Teking a path length R =5 x 1022 cm (the radius of the galactic halo) for

27

the galaxy and a path length R = 5 x 10" cm (half the Hubble Radius) for the

intergalactic medium, the resulting photon spectra are shown in Figure 4. The

spectra are for synchrotron radiation, bremsstrahlung, Compton scattering, and
The spectra from 1 -decay are _
7 -decay. /< calculated directly from the pion production spectrum (eq. (7)).

One third of the pions produced are v 's,.and each n° gives two photons of mean

energy %— Yot mﬂcg. In Figur_'e 4 the photon energy is given with respect to mec2 5

that is, 7 = e/mc®, J(T) = as/an.
The galactic photon fluxes plotted on Figure U are averaged over all

directions. Actually, the photon flux per steradian from bremsstrahlung and 1

decay would be gréatest.in the direction along the galactic plane where the pro-

duction takes place. The synchrotron radiation and Compton photons would also

show a moderate anisotropy due, at least, to our off-center position in the galaxy.

We have not computed the spectrum from positron amnihilation. The cross section
for direct positron (energy: Ye mece) annihilation with an electron at rest is,

at high energies, (Jauch and Rohrlich 1955)

Ln 2v
o znre—-——-—e— (33)

a o Yo
so that the bremsstrahlung spectrum dominates the annihilation spectrum by a
factor ~ oy, for Ye z 102. At lower positron energies (ye < 102) ionization
losses are dominant (see Fig. 1) and the positron comes essentially to rest
before annihilating, giving two photons each of energy T ~ 1.

To calculate the photon flux from the intergalactic medium we have taken
essentially a static Euclidisn universe cut off at R = 5 x 102 cm. It is

natural to inquire into the effects of the expansion (differential red shift)

and deta.‘_iled_stvructure of the universe on the resulting photon spectra. It can
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t '
_be shownr that only if the photon production spectrum is a power law, will the
observed flux show the same shape spectrum (power law with the same index),
independent of the structure (including expansion) of the universe. This results

essentially because the Doppler-shifted photon energy is proportional <o the un-

shifted energy. As a result, our calculated spectra, which are of the power law
type in different energy regions, depend on the detailed structure of the universe

>

only regarding the energy at which the spectra change their slope (at T ~ 10° for
B and C, Fig. 4). The shift in this critical energy is likely to be less than
an order of magnitude, however,

Interstellar and intergalactic photon absorption have also been neglected.
Absorption is unimportant except possibly for the long wavelength end of the
X-ray region (see Gould and Burbidge 1963) and also for the high energy region
around 1012 eV in the intergalactic medium. At éhoton energies around lO12 eV
the absorption cross section for e’ - e” pair production by (photon-photon)
collisions with the thermal quanta of the intergalactic radiation field reaches a
meximum (Nikishev 1962, see also Goldreich and Morrison 1964). Around this
energy the mean free path for photon absorption may be an order of magnitude

27

smaller than the cut-off distance R~ 5 x 10 cm which we have employed in
calcultating the photon flux from the intergalactic medium.

We should like to emphasize again that the calculated photon fluxes are only
approximate, and this should be kept in mind when we attempt possible interpretations
of the observations. In particular, our treatment of meson production in cosmic
ray collisions is very rough, especially at low energies where the Fermi theory
should be invalid. .Moreover, as mentioned earlier, our assumed cosmic ray
spectrum is too large at the low energy end; this effect alone would produce a

bend in the calculated photon fluxes at low energies such that the low energy ends

of the curves in Figure U4 should be reduced by about an order of magnitude.
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. g) Comparison with Observations - Discussion .

The experimental points exhibited in Figure 4 correspond to the observed

cosmic background photon fluxes as summarized in Table 1 below.3 The observations

3 In this discussion we have taken the observational values given in Table 1 at
their face value. However, as was stressed by Dr. Kraushaar in his paper at the
Liége meeting, it appears now that, while the background X-ray fluxes have been
detected at the levels quoted, the y-ray results are more uncertain and should
all be treated as upper limits to the fluxes which may be present. That we are,
therefore, only diécussing possible explanations of hypothetical y-ray fluxes

in this section is to be emphasized.

are in essentlally four energy regions and are over ranges such thus Aﬂ/ﬁ ~ 1.
There is, of course, another range of energies where cosmic photons are observed,
namely, the radio range. The radio spectrum is represented fairly well by the
low energy range (not included in Fig. 4) of the calculated synchrotron radiation
spectrum. We shall return to this question of the radio spectrum shortly.

We now consider the possibilities of interpreting any of the observed photon
fluxes in terms of the various calculated spectra represented in Figure 4. TFirst
consider the X-ray observations. The fluwx j(T) for point X (Fig. L) is fiwe orders
of magnitude above the curve S' and six orders of magnitude above S. This dis-
crepancy is, in our opinion, sufficient torule out the interpretation of the point
X as due to synchrotron radiation, at least if the high energy electrons are of a
secondary origin. The curves C and C‘ do not extend to lower energies because we
have considered electrons with Yo 2 lO2 , and in our approximate calculations have

assumed that (e)c = yée Er = 3 eV, giving (e)c Z 30 keV. However, due to the

distribution of thermal photon energies there is, of course, a distribution of

photon energies which can be produced by an electron of given energy. Moreover,
for a pion decaying at rest there is still an appreciable probability for a low

energy (say, Yo ~ 30) electron being produced. Therefore, the Compton spectra
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C.and C' certainly do extend to the X-ray region. In spite of this, we do not
believe that the X-ray point can be due to the Compton process, if the electrons
fesponsible for the scattering have a secondary origin. For, as previously
mentioned, the actual cosmic ray spectrum which produces the law energy pions
and finally electrons is smaller by about a factor of 10 than the power law
spectrum used to compute the curves in Figure 4. A realistic extrapolation of,
for example, the curve C' to the X-ray region would still fall about three orders
of magnitude below the observational point B.

Felten and Morrison (1963) suggested that not only the X-ray flux, but also the
photon fluxes at ~ 1 Mev and ~ 100 Mev (see Table 2), are due to the Compton
process in the intergalactic medium. They suggested that the sources of the
high energy intergalactic electrons are the strong radio sources. We can see
from the curve C in Figure 4 that the intergalactic spectral density n, (yé)
required to explain the results is about 20-30 times as large as the density which
we estimated to result from secondary production in intergalactic space. The
Compton spectrum must, of course, extrapolate to the X-ray region and this pre-
cludes a secondary origin for the electrons, unless they are produced by a cosmic
ray spectrum which has a much higher intensity at low energies than that for
cosmic rays observed at the earth. We cannot rule out the Felten-Morrison
hypothesis; in fact, elementary considerations of the necessary number of sources
(radio galaxies) of high energy electrons in the universe suggest that the hypothesis
is reasonable quantitatively. As we have shown, for our galaxy this relatively
low energy part of the electron spectrum, that is, the radio electrons, does escape
from the galaxy into the intergalactic medium before losing an appreciable amount
of their initial energy. As we shall show presently, if the Felten-Morrison idea
is correct, the amount of synchrotron radiation which these electrons would pro-

duce places an upper limit to the intergalactic magnetic field.
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Finally, we should like to mention another possible explanation for the
obse}ved background X-rays. If we assume that the strong discrete X-ray source
in Scorpius is at a distance ~ 10 kpc (roughly the distance to the galactic
center), that is, if we assume essentially that it is a galactic source, we can
compute its intrinsic X-ray luminosity. If we then assume that én the average
every galaxy in the universe has an X-ray source of this luminosity we can com-
pute the background flux from this hypothetical distribution of X-ray sources in
galaxies out to the Hubble radius. When one performs this elementary calculation -
(Gould and Burbidge 1963), one obtains a background flux of roughly the observed
magnitude. Clearly, this calculation makes no assumption as to the nature of the
individual X-ray sources in galaxies, but only that the source in our Galaxy is
is of average magnitude.

We had originally assumed the strong galactic source to lie in the center
of the galaxy. Although the NRL group (Bowyer et al. 196L4) seems to have
established that the strongest X-ray source lies in Scorpius, about 20° off the
galactic center, more recent work by both the NRL and MIT groups has indicated
that there is indeed a fairly strong X-ray source in the direction of the galactic
center. We were led to consider the galactic center as a source of X-rays after
performing a theoretical analysis of the apparent excitation conditions in extermal
spiral galaxies (see Burbidge, Gould, and Pottasch 1963). We found that the '
stellar ultraviolet radiation in galactic nuclei was insufficient to balance the
apparent rapid cooling rate of the interstellar gas in nuclei, and postulated the
existence of a flux of corpuscular particles (protons, and/or electrons) in galactic
nuclei. Such a particle flux can produce X-rays in the interstellar gas either by
bremsstrahlung or by K-series emission by certain elements after the ejection of a
K-shell electron. Hayakawa and Matsuoka (1963) have also considered the possible

existence of a similar flux of "suprathermal" particles in the galactic spiral arm
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reg;ons and the associated X-ray continuum and line radiation. The particle flux

which they envision is that originally suggested by Hayakawa as a heating mechanism

in interstellar H I regions. However, this heating source is not really needed to
explain the observed temperature of H I regions (see Gould, Gold, and Salpeter 1963).
Although the hypothetical particle fluxes which were considered by Hayakawa and Kitao and
by us.. may not exist under the original exact conditions, the computed associated
X-ray spectra may still be relevant. Quite independent of the specific particle

energy spectrum, it appears that the amount of X-radiation emitted in lines (K-series
X-rays) is about 10% of the integrated continuum radiation. Thus it appears that

with only moderate spectral resolution one may be able to observe cosmic X-ray

emission lines,

Regarding the possible interpretation of the observations at 1 Mev (A, Fig. h),
we see that the observed flux is about an order of magnitude above the calculated
curve C'. In view of the inaccuracies involved this "agreement" within an order of
magnitude indicates that Compton scattering by secondary-produced intergalactic
electrons provides a possible explanation for the observed photon flux at 1 Mev.

Of the calculated processes represented in Figure 4 this appears to be the only
possible association with thé observations at 1 Mev. The spectrum from ©° decay
certainly does not extend below log T = 2 (E = 50 Mev), and the bremsstrahlung
spectra B and B' must be less steep below log T = 2 since, although the energetic
secondary electrons can emit a bremsstrahlung spectrum extending to the lower
energies, the corresponding bremsstrahlung photon would then carry away only a
small fraction of the electron's energy, and the photon production pfocess would
be less efficient.

It would appear from Figufe 4 that the ~ 100 Mev photon flux which Kraushaar
and Clark first reported could be accounted for by w°'s produced in the galaxy or

in the intergalactic medium. However, our calculated m° spectrum, based on the
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Fermi theory, is very umsatisfactory at the low energy end. For low energy
p-p collisions it is primarily ﬂ+ mesons that are produced and a more accurate
treatment of meson production than our extrapolation of the Fermi theory must
be employed. Now, in the Kaushaar-Clark observation the photon flux observed
included essentially the whole spectrum from decays of w°'s of all energies,
and most of the n°'s produced are of low energy. By employing the available
data on meson production by incident protons of energy less than 10 Bev and
the observed low energy cosmic ray spectrum, Pollack and Fazio (1963) have
computed the rate of production of pions by p-p, p-¢, and ao-p collisions per
hydrogen nucleus as the rate of production of n° decay and positron annihilation
(after m' - p — e decay) photons:

26 photons/sec-ster

26

m-decay: q° ~ 1 x 10~
positron annihilation: q+ ~ 2 x 107 photons/sec-ster.

The °-decay photons have energies above about TO Mev and the galactic positron
annihilation photons have energies of about 0.5 Mev, since the positrons come
essentially to rest before annihilating. The m°-decay photon flux from a region
of density (nH) of extent R would then be lmg® (nH) R and in this manner we
estimate fluxes of 2 x 10"11L photons/cmz-sec and 6 x 1073 photons/cm?—sec from

the galaxy and intefgalactic medium respectively; the galactic flux is a
directional average. The Kraushaar and Clark flux is roughly the same as the
calculated cbntribution from the intergalactic medium while the flux observed

by Duthie SE al. is an order of magnitude larger. The origin of the discrepancy
between the Kraushaar-Clark and Duthie EE.EE' observations may lie in the latter's
extrapolation of their balloon observations to zero atmospheric depth. At any

rate, it is clear that an upper limit to essentially the product of the inter-

galactic cosmic ray flux and gas density is established by these observatioms.
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The‘calculated'intensity of the positron annihilation line using Pollaék and
Fazio's value for q+ and again the "standard" intergalactic gas density
(:LO'5 cmf3) is 1 x 1072 photons/cm?-sec which is just below the upper limit
of 1.5 x 1072 photons/cm?-sec established by Arnold et al. However, inter-
galactic relativistic positrons do not slow dowh before annihilating (see
Fig. 2) and would not produce & 0.51 MeV line but rather an annihi;ation
continuum extending to higher energies. '

The point denoted by EAS in Figure L results from observations of Extensive
Air Showers (Firkowski et al. 1962, Suga et al. 1962) in which an sbnormally
low number of muons were observed, indicating possibly that the shower was
initiated by electromagnetic processes rather than by a nuclear collision. If
these showers result from primary photons the flux of these photons would be
~ O_3 times the flux of cosmic ray protons at the same energy. The results

of these experiments are gquestionable and may only represent an upper limit to

the primary cosmic photon flux at these high energies. In Figure 4 we see that
the EAS point lies 2 or 3 orders of magnitude above the curve corresponding to
the decay of high energy secondary-produced n°-mesons in the intergalactic
medium.

As was mentioned in the footnote at the beginning of this section, it is
necessary to emphasize the preliminary nature of all of these observations of
high energy photons. While the existence of cosmic X-ray sources seems well
estaﬁlished, the existence of positive fluxes at higher energies (the - MeV,
100 MeV, and lO15 eV observations) is not established. The fluxes given for
these higher energy photons probably should all be taken as upper limits until
the observational situation is clarified. For example, the ~ MeV observations

may be plagued by radiocactivity induced in the crystal of the scintillation

detection (see Peterson 1964).
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"We conclude our discussion here with a few remarks about the observed
cosmic radio spectrum from the galactic halo, which is undoubtedly due to
synchrotrontron ra.dia.tic?n by relativistic electrons. We attempt to answer
the question as to whether the electron spectrum can be account for by
secondary production by cosmic rays. This problem has been considered by
a number of authors in a manner similar to our treatment. However, our view
differs somewhat in that we consider leakage from the halo as the primary
loss process for the radio electrans.

If the energy radiated per second per interval of frequency by an electron
of energy yemece is P(v ’Ye)’ the spectral intensity (erg/sec-cmg-ster-frequency

interval) of radiation received from a direction r is

1, - a/aarday = (m)7t [[n (v) Blv,y) ay, ar,  (34)
where ne(ye) dy, 1is therdifferential electron density. For an electron
spectrum'ne( yé) = KeYe- e the intensity I\) may be computed approximately by
taking P(v,ye) to be equal to the expression (13) for d.Ee/dt times a.5-function
é(v-vLyez) at the frequency where P(v,-ye) is a maximum. Assuming a constant

magnetic field H and a path length Jdr = Rh’ the halo radius, we obtain a

familiar result:

I, ~ (12m) -t cr°2 K, Rh.He' vL(Te-3)/2 v-(l"e-l)/2; (35)

(T.-1)/2 is also obtained using

m

a power law spectrum with exponent o
the exact expression for P(v,y,). The constant K may be determined by

the observed value (500°K) of the radio brightness temperature T, = I, )\2/21{ at
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100 Mc/sec in the direction of the galactic pole. Employing equation (35)
. -6

with H = 3 x 10 ~ gauss, R =5x 1022 cm, Fe = 2.8 (o =0.9), we obtain

6

K =1x 10

" cm‘3. This number is to be compared with the value calculated

from the production and loss processes. By equations (7), (8), and (25) we

get for the calculated Ké:

: r - :
K~ 80/9) AL (m/tm) € K G 7 (36)

2

Using the previously assumed values'Ki = 100 cm” sec'l, (nH> = 0.03 cmf3,

T, = 3x lOls sec we calculgte Ké =1 x 10'6 cm'3; the agreement with the radio
value is fortuitous. Actually, the observed radio spectrum has an index

o a:O.T-O.B, and we have adopted the "theoretical" value 0.9. This discrepancy
may not be serious; the observed slightly flatter spectrum could be accounted
for by a slight variation with Yo of the effective value of TL. For example, if
T. were slightly shorter for the low energy electrons (caused, perhaps, by

L
another energy loss process at low energy) the smaller value of « and Fe could
be understood. A more accurate treatment of the production spectrum could also
indicate a smaller value for o and r;. Further, we might mention that with our
assumed valués of the parameters (density, magnetic field, etc.) for the inter-
galactic medium the calculated éynchrotron intensity in the radio region from
the intergalactic medium is comparable to that from the halo, while, as is seen
from Figure h, the calculated intergalactic synchrotron radiation is. actually
greater by ~ 10 at the high energy end. Admittedly, our calculations are based
on many assumptions, but these assumptions may well be valid, and much of the
observed non-thermal radio background radiation may be coming frca the inter-
galactic medium.

It is of interest to consider the requirements on the intergalactic magnetic
field if the Felten-Morrison idea is correct. From Figure 4 we see that for the

curve C to pass near the points X, A, and K-C, the value of Ke must be larger
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by a factor ~ 30, or must be a 3 x 10'7 cm'3. One can then compute the inter-
galactic magnetic field, by equation (35) with R~ 5 x 10°' cm,  the Hubble
radius, necessary to produce & bfightness temperature of 500°X at 100 Mc/sec.
One then finds 1 x 1078 gauss for this magnetic field. Thus, if the Felten-
Morrison idea is correct, the intergalactic magnetic field must be less than
1x 10'8 gauss.

Finally, we should like to mention a further check on the calculated
spectrum of the halo eleétrons; Recently the French-Italian group (Agrinier
et al. 1964) has reported the measurement of a primary cosmic rey electron
flux of 6.6 x lO'u particles/cm?-sec-ster for E_ > 4.5 BeV, corresponding also
to an electron proton cosmic ray ratio of 1 x 10'2. This measurement of the
primary electron flux at fairly high energies is probably more reliable than
results of measurements at lower energies which are influenced by solar activity.
The measured flux is to be compared with that from the calculated spectra above

6

b5 BV (y, >y = b5 BeV/m c®). One finds, with K_ = 1 x 107" em™>, T, = 2.8,

-r
a flux (1+1'r)-l I K 6 v, € dy, =1 x lO'h'particles/cm?-sec-ster. This flux

: Yo
is somewhat smaller than the observed one, but in view of the uncertainties

involved in the calculations, agreement within an order of magnitude is all
that one could hope for.

h) The Hot Universe Model - Bremsstrahlung from the Intergalactic Medium

Gold and Hoyle (1958) have suggested a cosmological model in which the
intergalactic medium is at a very high temperature («&09°K). The high temperature
is supposed to arise from the ~ 1 Mev electrons which would result after the decay
of spontaneously created neutrons as envisioned in the steady-state theory. Galaxy
formation within the framework of this model was considered by Burbidge, Burbidge,
and Hoyle (1963). An observational test of this model can be made, since such a

hot intergelactic medium would emit thermal bremsstrahlung photons in the X-ray
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‘region where observations have been made (Bowyer et al. 1964). For a mean thermal

>

electron energy (Ee> = 50 kev, and a density n_ = n, = 1.2 x 10”7 cm™3 the rate of

production of bremsstrahlung photons within the energy range of the observations

2 photons/cm3-sec (Gould and Burbidge 1963). Taking a

27

is about r, = 1.17 x lO-2

cut-off radius R =5 x 107" cm for the universe, one calculates a flux

£, =Ty R/ b ~ 50 photons/cm?-sec-ster to be expected at the earth. This flux is
~ 10 times the observed X-rai background flux and is evidence against the hot
universe model (and the steady-state theory with spontaneous creation of neutrons).
Actually, if the appropriate intergalactic density to be used is four times the
usually adopted 2 x-10-29.gm/cm3, as suggested by Sciama (1964k), the disagreement
with observations is even more violent. In any case it appears that the X-ray
observations have established an upper limit of 107°K for the temperature of the

intergalactic medium.

i) Matter and Anti-Matter and the Steady State Cosmological Theory

The attractive feature of the steady state is its simplicity. The unique
feature is a spontaneous creation rate of "new" matter dn/dt ~ 3 Hn, where

p)

n ~ 1072 cm™3 is the mean matter density in the universe (taken to be the mean
hydrogen density in the intergalactic medium) and H is the Hubble constant

(3 H ~ 10717 sec'l). One might expect that in the spontaneous creation process,

to conserve baryon and lepton number, particles and anti-particles are created.
Since the expansion rate constant 3 H is about two orders of magnitude greater
than the annihilation rate (see below), Burbidge and Hoyle (1956) suggested the
possibility of an appreciable sbundance of anti-matter in the universe. This idea
can be put to a test, since the end products of matter and anti-matter annihilation
are:observable high energy wy-rays.

Let us suppose that (p,e”) and (§,e+) are spontaneously produced and have a

steady state mean number density n 10" cm”3 and @n respectively, where a
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_ denctes the mean ratio of anti-matter to matter (or vice-versa). The electron-
positron annihilation cross section at non-relativistic energies is (Jéuch and
‘Rohrlich 1955) Ga = nrgg/B, wﬁere rO is the classical electron radius and B = V/c.
The annihilation rate is then dn /dt = Gn° rr P ~& x 1072% cn73 sec™d, and
the expected flux of 0.51 MeV photons from the intergalactic medium out to a
distance.R ~ 5 x 1027 cm is R dna/dt ~ax th photons/cm?-sec. This can be
reconciled with the upper liﬁit of 10'.2 photons/cmg-sec suggested by Arﬂold et al.
(1962) only if a < 10-6. This means that if there is appreciable anti-matter in
the universe, it must be separated from matter, so that it cannot annihilate and
produce observable wy-radiation.

A 1imit on the amount of anti-matter in the universe can also be provided
from an analysis of the y-ray experiments at highef energies which can detect
n°-decay v's. In the proton-antiproton annihilation ~ 5 pions are produced, some
of ﬁhich are m°'s which produce y-rays of energy ~ 100 MeV in their decay. 1In
each p-p annihilation about 4 y-rays are produced. Taking an annihilation cross

26 2 7

2 4
section o /\ﬂ ~6 x 107 cm” and a mean relative p-p velocity of ~ 10

g

cm/sec,

This corresponds to a thermal velocity at ~'105°K, which is the latest estimate
of the temperature of intergalactic matter (Sciama 1964a). The relativistic
eiectrons and positrons from the decay of charged pions produced in p-p annihi-
lations would not be thermalized in a time (3H)'l and would produce a weak

annihilation continuum.

one computes a flux of ~ 100 MeV y-rays of ~ & photons/cm?-sec. The experiments
of Kraushaar and Clark and Duthie EE Ei' would then imply o < 10-2. Thus, it
appears that in the steady state cosmology matter and anti-matter cannot be
created in comparable amounts in the same regiop.
Finally, regarding cosmological tests, we should like to mention the recent
discussion by Sciama (1964b; see also Gould and Sciama 196L). Sciama indicates
how the measurement of the shape of an enmission line, smeared into a continuum by the
cosmic difféxehtial red shift, would provide information about the structure of the

universe at great distances. - 3.



ITI. HIGH ENERGY RADIATION FROM STARS v ‘

a) Hard Radiation from Stellar Coronae

Since the sun is the only star whose corona is directly detectible, all
theories concerning the origin and conditions in a corona have stemmed from it.
The first question that arises is therefore whether it is plausible to suppose
that other stars have cbronae similar to that of the sun. To answer th;t
question it is necessary to consider the probable origin and source of heating
of the solar corona.k The theory of the expanding solar corona (cf. Parker 1963)
is based on the concept that the convection below the photosphere generates wave
motions (both acoustic and hydromagnetic waves have been discussed) which propa-
gate upward and dissipate, aﬁd it is the dissi?ative heating which leads to
coronal expansion. It therefore may be supposed that all stars which have
extensive outer convection zones will maintain expanding coronae. This would
imply that all main sequence stars below about F2 (M < 1.5 MO) would have
extensive coronae and these stars comprise a chsiderable fraction of the mass
of a galaxy. Also, all stars in the giant stage of their evolution would have
coronae. The critical question next is to estimate the average temperature of
such hypothetical coronae.

Parker (1963) has pointed out that coronae heated at their bases will have
temperatures given approximately by the relation GMmH/RkT 2L orT=<5.8x lO6 (M/R)°K
with (M/R)measured in solar units.

For stars ox the main sequence M/R is of the order of unity so that coronal

temperatures in the range 106 - lO7

degrees are to be expected. For giant stars
M/R is < 0.1 and for supergiants it is < 0.01. Thus the temperatures of the
hypothetical coronae of giants are expected to be = 106 degrees, while for super-

giants they are = lO5

degrees, and it would appear that only main sequence stars
are likely to have hot enough coronae to emit X-rays. Parker has given various

arguments for supposing that more massive main-sequence stars also may have
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coronae. However, the spectroscopic evidence for extended atmospheres in these
stars suggests that the gas has temperstures only ~10h degrees (the heating is
by dilute stellar radiation). ‘Thué it is highly improbable that they have hot
coronae.

Tt is of interest to estimate the expected X-ray flux from the coronae of
éll the stars in the galactic disk. The problem of esfimating this flux, made
difficult by our lack of knowledge of the density, temperature, and volume of
stellar coronae, was considered by Wallace Tucker at UCSD. We shall outline his .
calculations briefly and present the results. The X-ray emission from a hot
corona in the 2-8A region (where there are observations) is produced principally
by bremsstrahlung, radiative recombination, and by line emission following K-shell
electron collisional excitation. In computing the fluxes due to these processes
the methods employed by Elwert (1952, 1954, 1961) were used, whereby the ions
are assumed to be hydrogen-like and proper correction factors ( Gaunt factors )
are introduced when necessary. The power radi#ted‘by each element is:proportional
to the product neni of the electron and ionic density, so that °-e ionization
equilibrium (ni/ne) must be computed. This has been done by House (1964) for
the elements from H to Fe for temperatures up to 11 million degrees, using the
classical ionization theory deve%oped by Elwert and others. The values Of«ni/ne
arrived at in this manner by Houée and the element abundances for the solar
corona as determined by Pottasch (1960) were used to compute the 2-8A X-ray power
Px radiated per unit volume by a Maxwellian gas for different temperatures given
in Table 2. The bremsstrahlung is due mainly to hydrogen while the recombination
and line radiation are produced predominantly by other abundant light elements
such as He, C, 0, Mg, Si, S, and Fe.

Burgess and Seaton (196L4) have pointed out that the inclusion of (radiation-

less) dielectronic recombination increases the recombination rate significantly

(~ 20 times) for iron at coronal densities. Since dielectronic recombination

can occur in any ion with an autoionizing level sufficiently close to the bound
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levels and possessing a large probability for a transition to some M level, ,
it appears that the ionization equilibrium calculations of House must
‘be revised. . The net effect is to depress the degree of ‘ionization, and to
réduce the power ra.dia.ted‘by recombination and line emission, since the bulk of
the radiation from these processes in the 2-8A region comes from highly ionized
atoms. For this reason the numbers given in Table 1 for recombination and line
emission must be viewed as upper limits to the actual rates which are probably
closer to the bremsstrahlung contribution.

Friedman (1961) has made several measurements of the X-ray emission of the
sun. Taking the largest flux measured for the quiet corona (~ 101* counts/cma-sec),

6o

a temperature of Tc ~ Lk x 10

48

K and an integrated electron density of
Jr nez ch ~ 6 x 10 _cm'3 are required for agreement between theory and obser-
~vation, The contribution to the volume integral is thought to come from condensations
whose density is comparable to ti-1at Qf the chromosphere. The question arises as

to how to fix ‘[nee dV and T for corenae of other stars. If the volume is taken

to be a constant fraction of the stellar volume, then V « R3, where R is the

stellar radius. The density can be established roughly (de Jager 1960) by setting

the amount of mechanical energy in acoustic waves fed into the chromosphere per

N

unit area per unit time (= p VS3, vhere p = nm, is the density and V_ = T_2 is
the sound velocity; Ts = chromospheric temperature ~ surface temperature) equal
to the amount of energy (< H ne2 Ts_%) radiated in recombination in a chromo-
spheric gravitational scale height H (« TSRE/M, R = stellar radius, M = stellar
mass). Then n_ « TSM/R2, and n62R3 o TS2M2/R. In this manner J‘ ne2 dv was
determined from Ts , M, and R for all stars by normalizing to the value

(6 x th8 cm-3) for the sun. The coronal temperature was assumed proportional

6°K.

to M/R and was also normalized to the assumed solar value 4 x 10
To calculate the X-ray flux Fx to be expected from all stars in the gélactic

disk one must sum over all stars in the volume V a of the disk. This is
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accomplished by introducing the main sequence luminosity function ¢ (Mv) which

gives the number of stars per cubic pé.rsec with absolute visual magnitude

between Mv - %— and Mv + % It was assumed that @ is qonstant throughout the

galactic disk except in the z-direction that is, ¢ (r, Mv-) =9 (z =0, Mv) exp (-z/B),
where ¢ (Z =0, M_v\ is the luminosity function for the solar neighborhood‘ and

B = B(Mv). Using the data on TS(Mv), M(Mv\, R(Mv),and B(Mv) given by Allen (1963)

one computes, neglecting galactic absorption (cf. Gould and Burbidge 1963), a

flux
1

FX = Jrff dVc de dVL (lhn'rz)_ PX (Mv) ¢ (MV\ (37)

11

~ 4 x 107 erg/cme-sec

with most of the contribution coming from the hotter stars with Mv < 0 for which

6

Tc ~6 - 8 x 10 °K. If, as previously mentioned, only the cooler stars have

coronae, then the flux from stars with say, Mv > 3 is about an order of magnitude
less. We might mention that, if one assumes a constant value of ;[ d Vc ne2 for
all stars fixed by the solar value, the flux from stars with - ® < MV < ®is

about l/ 10 as large as (37) with the main contribution now coming from the

cooler stars.

These calculations are for quiet coronae. Measurements have been made of

the enhancement of the solar X-ray flux as a result of flares. The mean measured
flux for the disturbed corona was found to be enhanced by a factor ~ 400 (Aller
1963, Friedman 1961, see also part b of this Sect.). Of course, there is no

reason to suppose that the solar corona is typical but it is conceivable that

such an enhancement can occur in the coronae of other stars. All known un-
certainties considered, we would estimate that the expected X-ray flux from

the coronae of all stars in the galactic disk to lie within 10_12 - 10'8 erg/cmg-sec.

The observed background intensity is & x lO'8 erg/cma-sec (Bowyer et al 1964).

It appears that although it i1s unlikely that stellar coronae produce a signifi-
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cant X-ray flux, they cannot definitely be ruled out. , .

bj Hard Radiation Emitted Following Violent Activity of Stellar Surfaces

We now turn to the possibility that temporary violent activity gives rise
to fluxes of detectible hard radiastion from stars. Apart from stellar explosions
which will be discussed later, this activity is often manifested through a
mechanism which generates an outburst of high-energy particles on the star's
surface. These particles, by one or several of the processes described earlier,
will give rise to energetic photons. Again the only method of estimating the
fluxes is to consider what is observed from the -sun. As has been described by .
Friedman (1961) flare activity gives rise to a great enhancement of the X-ray
flux (Tabie VIi of Friedman). It appears that the radiation is increased
because the temperature is increased and also because a flux of high-energy
particles (as manifested by the Type IV radio burst) is generated.

From Friedman's table we see that the enhancement of the X-ray flux amounts

p)

to a factor ~ 107 at times of maxmmn flare activity so that the maximum solar

X-ray luminosity is Lx < 1026 erg/ sec. We may therefore consider what the

maximum intensities of the fluxes that we might expect from stars could bpe.

We take three representative cases

(a) A single solar-type star at distance d = 1 pc.

(b) A galactic star cluster (100 members reaching maximum flare activity at
the same time) at distance 100 pc.

(e) lOlO stars near the galactic center all at maximum flare activity at a
distance of 101‘ Ppc.

The fluxes Lx/hﬂd2 to be expected in such circumstances are 10_12, lO'lu, and

lO'lo erg/cmz—sec for cases a, b, and c respectively. All of these fluxes are

T

appreciably smaller than the flux ~ 10~ erg/cme-sec detected from the Scorpius

X-ray source by Bowyer et al (196L4).
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Radiation harder than a few kev can only be e;nitted from a star's surface
in nuclear reactions , by bremsstra.hlung; the synchrotron mechanism, or possibly-
by the Compton process. Donlan and Fazio (1964) have recently given a fairly
extensive discussion of the processes which may be lexpected to produce y-rays
from tﬁe sun. From an observational point of view only y-rays with energies
< 0.5 MeV have so far been detected from the sun (Peterson and Winkler 1959)
and this during a flare. The flux that they observed from a y-ray burst was
~ 30 photons/cmz-sec of energy ~ 0.5 MeV. If we use this as a standard to
make estimates of the fluxes from the representative aggregates a, b, and ¢

above we obtain 10-9, 1071 T

, and 10~ photons/cme-sec respectively. It appears
that these fluxes are too weak to be observed. Nuclear reactions undoubtedly |
occur in solar flares but again it is exceedingly difficult to make estimates

of the final products or the total fluxes of hard radiation which may be expected
here, because of the uncertainty in the total flux of particles which is present
in a flare.

c) Neutron Stars

Tt has been pointed out by Chiu (1964) and Finzi (196La) that, since it is
possible that neutron configurations may be reached as an end phase of stellar
evolution by processes which leave the star exfremely hot, such configurations
may, for rather a short period, be thermsl X-ray emitters. However, from the
theoretical standpoint it must be conceded that at the present time we cannot
demonstrate conclusively that stable neutron configurations are ever formed or
can exist if formed. The presumption of these authors is that the neutron con-
figurations are formed during a supernova outburst, as was first proposed by
Baade and Zwicky (1938) and Zwicky (1938) many years ago. Since there has been
a distinct tendency in the recent literature to suggest rather strongly that the
observations of X-ray sources in Scorpius and in the vicinity of the Crab show '

that neutron stars do exist , 1t is probably worthwhile mentioning some of the
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- theoretical uncertainties associated with neutron configurations. The obser-

¥

vational uncertainties will be discussed in the concluding'section.

It is well known that tﬁere is a critical mass for a degenerate neutron
configuration above which no stable equilibrium is possible. This result was
first derived by Landau (1932) and calculations by Oppenheimer and Volkoff (1939)
gave a vé.lue of about 0.-7 M@ for this observa.ble mass limit. While in later
calculations this mass limit has been slightly revised, it is clear that the
mass 1imit lies near 1 MG)' Even the doubtful assumption of a hard-core nuclear
potential)which is known to be incorrect from relativis_tic considerations only
extends the maximum mass to about 3 MO' In fact it is clear from the earliest
considerations (cf. Landau 1932) that the maximum mass is very’ insensitive to
the equation of state at nuclear densities and sbove. For masses above the
critical mass it appears that implosion must occur (Datt 1938; Oppenheimer and
Snyder 1939). For a modern review see Hoyle, Fowler, Burbidge and Burbidge (1964).
Thus, if neutron configurations which can exist long enough to be detected as
sources of X-rays come from supernova outbursts, i‘t‘is required that in the
supernova outburst sufficient mass is ejected so that the resulting configuration
falls below the 1limit for support by a degenerate neutron configuration. None
of the attempts to unravel the processes of supernova outbursts have yet given
any real indication that such conditions can be achieved. The attempts by the
California-Cambridge group (Burbidge , Burbidge, Fowler, and Hoyle 1957; Fowler
and Hoyle 1960; Fowler and Hoyle 196k4) have not been able to answer this question.
Even the range of masses of stars which become supernovae is in doubt, but it
appears highly probable that fhe Type II supernovae are stars of quite large
mass ~ 30 M (cf. Fowler and Hoyle 196L4). All of the discussion of the super-
nova outburst as it applies to the last phases of nucleosynthesis, and neutrino
emission, etec. hé.ve been carried out by neglecting the effects of rotation.

However, as has been shown by Hoyle et al (1964) this may have the effect of
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‘ allow::mg a massive star to fragment, either into white dwarf, or into neutron =,
configurations (cf. Equation (45) of that paper). In the work of Chiu (1964)

no conclusion as to whether a degenerate neutron configuration with a mass

below the critical mass is left has been reached. The only attempt at a hydro-
dynamicel calculation of the implosion of a supernova before x'elativietic effects
become important is that by Colgate and his colleagues (1963). This calculation
follows the collapse until nuclear densities are reached, but then it is supposed
that a bounce occurs and the outer envelope is ejected. The calculation is not
able to determine what fraction of the mass is left as a degenerate neutron con-
figuration.

The only supernova remnant which can be studied in any detail is the Crab
Nebula. While there are uncertainties in the mass of the nebula, analysis shows
that it is only ~ 0.64 Mg (0'Dell 1962) so that if the outburst originated from
a star with a mass in excess of about 3 Mo (and the type of supernova involved is
still uncertain, as is the relation of t.y’pe with mass) it must be concluded either
that a large remnant has imploded or else that it is fragmented into a number of
neutron stars.,

Finally there is some question about the stability of neutron configurations.
The question of their dynamical stability has recently been considered for a
range of models by Misner and Zapolsky (196L4) who have concluded that dynamically
stable solutions exist for stars below the maximum mass for cold static equilibrium.
With these uncertainties in mind we turn to the calculations of the fluxes of
X-rays which may be emitted by neutron stars. Such calculations have been made
by Chiu and Salpeter (1964) and Morton (1964). The celculations are in fairly
good agreement and we reproduce as Table 3 the table of Chiu and Salpeter giving

the emission characteristics of a 0.5 ME) neutron star of radius 10 km fqr various
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va:lues of the core 1:empera.t1_1re.5

5Very recently Finzi (1964b) and Salpeter (private communication) have concluded

that, while the neutrino emission rates which determine the lifetime of a neutron
star are still rather uncertain,.the time scales may have been over-estimated

in the work of Chiu and Salpeter and may only be of order 1 - 10 years. If this
is the case then the cha.nce of detecting a neutron star by means of its X-ray

emission while it is still hot is wvery small, and X-rays from the Crab cannot

have come from such & source.

We shall not discuss here the recent very beautiful lunar occultation X-ray
observations (Friedman 1964) of the Crab Nebula and the associated interpretation.

These results are to be found in & peper published in this journal.
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IV. SUPERNOVA REMNANTS '
Of the possible sources of energetic photons and neutrinos in the Galaxy

one is led immediétely to consider the supernova remnants. Hard radiation may

be emitted during and immediately after a supernova explosion, and since large

fluxes 6f relativistié particles are known to be present in supernova remnants

for periods of < 1000 years after the explosions occurred, fluxes of hard photons

may be generated for longer times.

We consider briefly the hard radiation that may be emitted at the time of
the explosion, and then consider in more detail the conditions in the Crab nebula!
Present theory of supernova outbursts makes no detailed prediction of the

flux to be expected, but two processes may be important. These are:
(a) Nuclear y-rays emitted in the proéess of nucleosynthesis at the time of
the outburst.
(v) y-rays emitted through the early interaction of a cloud of relativistic
particles with the magnetic field and material in the expanding shell.
(a) If, in a supernova outburst the inner part implodes and the outer part is
suddenly heated so that hydrogen burning takes place very rapidly, we can suppose
that the bulk of the energy released is degraded through its passage through the
material, but some fraction, perhaps the energy released in burning 0.01 Mg of
hydrogen, will be emitted as y-rays in the Mev range. Thus we might suppose that

lO50 ergs is emitted in ~ 1000 seconds. For a galactic supernova at assumed

-1

2

distances of 1 and 10 kpc this gives fluxes at tﬁe earth of lO3 and lO5 erg/cmz'sec
fantastic rates. However, the appearance of a galactic supernova is highly
improbable. From extragalactic supernovae at characteristic distances of 10 and 100 Mpc
the fluxes would be 10'5 and lO'T erg/cm? sec™t respectively. These rates are

obviously uncertain by several powers of 10. It might also be expected that some

part of the flux is degraded to the energies of a few kilovolts and is emitted as
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X-rays. As an upper limit we might suppose that this flux is of comparable
intensity for a few days with the flux at maximum light from the supernova.
If we suppose that it reacheé a value of Mv = -18 this corresponds to th3 erg/sec

and at distances of lkpc and 10 kpe (Galactic) and 10 Mpe and 00 Mpe (extragalactic)

may be expected.

(b) A large flux of.relativistic electrons is currently present in many super-
nova remnants, and it is possible that this in part is the remnant of a much
larger flux éf relativistic particles which was produced at the time of the out-

burst. Let us suppose that some 1050

erg of particles, largely protons, was
generated in the explosion. If they are originally confined in an expanding

shell containing a magnetic field (they are the rélativistic plasma component),
then because of the high density in the shell in the first hours they will largely
be destroyed, and their energy will be dissipated in the form of neutrinos, y-rays,
and electrons and positrons which radiate in the magnetic field. A large flux

of high energy(éloo Mev) y-rays will thus be generated and we might expect fluxes
L5

to escape over this period at a rate of perhaps 1ohu - 10 erg/sec. For reason-
able magnetic field values the synchrotron radiation will not lie in the X-ray or
y-ray range. However, it is possible that some part of the electron-positron

flux will be dissipated by Compton collisions with thermal photons in which y-rays
are emitted. It is obvious that these suggestions are highly speculative. How-
ever, it is clear that detection of a supernova explosion by X-ray and y-ray
telescopes would give much information on the conditions at the early phases.

For example, if there are no high energy y-rays emitted this might be interpreted

as meaning that there was no early generation of a large flux of relativistic

protons.

-V h_s-

- - - - - -1
fluxes at earth of 10™T and 1073 erg/cm? sec™t (Galactic) and 10 ? and 107 erg/cm? sec



We turn now to & consideration of the hard radiation from the Crab some
1000 years after fhe supernovavexploded. This question was consider by Savedoff
(1959). The Crab is one of the strongest radio gources in the sky and both its
radio and optical (polarized) continuum are undoubtedly due to synchrotron
radiation by relati%istic electrons which are‘capable of producing energetic
quanta by a number of processes. In this section we shall consider what can
be inferred ebout the nature of the physiéal processes in the Crab from obser-
vations of the photon spectrum at high energies. Our discussion of possible
neutrino emission from the Crab will be given later in Section VI.

Observations of continuum radiation emitted by the Crab have been made in
essentially three frequency ranges: +the radio range, the optical range (see
0'Dell 1962), ana the X-ray range (Bowyer et al. 1962); Figure 5 summarizes the
results. The radio spectral flux F [watts/mg - (¢/s)] is of the form C.. v‘a,
where o = 0.27, and Cr>can be determined by the value [1.23 x 10723 w/m?-(c/s)]
of F, at v = Loo Mc/s (Conway, Kellermann,and Long 1963). The synchrotron
spectrum apparently retains this form up to a frequency Vm = ].OllL c/s at the
beginning of the optical region. Designating this region v < v as the radio
range the radio luminosity Lr can then be computed from an assumed distance
d = 1030 pc to the Crab:

v
m

2 -o 2 -1 1
L = Lkmd< f C v dv = Lmd Cr(l-a) v

r Y Tk x lO36 erg/sec  (38)
0
. s 1k
The luminosity in, for example, the visible range (v =4-8 x 107 c/s) of the

optical region is

L,~1.7Tx 1036 erg/sec,



while the luminosity in the region (A = 1.5 - ‘BA) of the X-ray observations
is also
36
L, ~1.7 x 10 erg/sec.
Assxzfning the radio spectrum Cr\:-a is due to synchrotron emission by
relativistic electroms, an energy spectrum ne(ye) = K, ye're with
I‘e =1+ 20 = 1.54 is implied. If the mean magnetic field in the Crab is

H = lO'h gauss (0'Dell 1962) the Larmor frequency is v, = 280 c/s, and the

L
frequency \am = 1011‘ c/s would be emitted primarily by electrons with (Ye)m

= (\’m/vL)% ~ 6.0 x 10°. The optical rediation from the Crab would be

emitted by slightly higher energy electrons. If the radio emission originates
from a volume IdV =V ., the radio flux Fv is related to V
Eq. (34)).

-1
Fv ~ (121'rd2) VOKe cro2 g2 \,L(re - 3)/2 v'(re - l)/2' (39)

o & K, HDy [see

From the wvalue of the product VO

compute the total energy of the radio electrons in the Crab:

2 -(r_ -1) 2 -1 -l
BE.= deKe me & '.[dye Ye € = Voke BeC (2'Fe) (Ye)m (o)
~ 1.0 x 101¥8 erg.
The age T of the Crab is 910 years and we see that Er/'r = 3.5 x 1037 erg/sec

> 1, Ly, L.

For the assumed magnetic field lO'b' gauss the electrons lose energy at a rate

[Eq. (13)] -ye'l(dye/dt) Ay, X 1.9k x 1077 sec'l; for y, < 1.8 x 106

14 -1 -1 .
(v = VI, 'yea £ 9.0 x 107 ¢/s), - Yo (,dYe/dt) < 777, Thus, for the radio and

optical electrons the characteristic time for energy loss by synchrotron emission is

greater than the age of the nebula. The rough coincidence of the critical
electron energy and synchrotron emission frequency with the value (Fig. 5)

above which the spectrum is apparently reduced or perhaps cut off may be

- bT-.

Ke determined from the radio brightness we can’



interpreted as an indication that the relativistic electrons in the Crab were
produced in the initial supernova outburst. The absence of any continuous
production of high energy eiectrons woﬁld preclude any interpretation of the
X-ray point in Figure 5 as being due to electron synchrotron emission, since the
lifetime against energy loss through synchrotron emission by the energetic -
electrons necessary to produce this synchrotron frequency is about 35 years << T.
An important parameter in this discussion is the strength of the magnetic field
in which the electrons radiate. We have chosen a value of H = lo'l'L gauss so
that the lifetimes of the‘;adio and optical electrons are longer than 103 years.
However, if the assumed value of H is increased perhaps to 5 x lO'lL gauss, the
lifetimes of the électrons emitting the same synchrotron frequencies are decreased
by a factor of (5)3/2 (= 11.2) and the optical electrons have lifetimes less than
the age of the nebula so that continuous injection of such electrons is required
to explain the optical radiation  Since the magnetic field strength is uncertain
we shall consider the possibility of continuous injection of electrons in what
follows. We also might mention that as Ginzburg, Pikelner, and Shklovsky (1955)
have shown, there might exist in the Crab an energy loss by scattering by
magnetic field condensations in the expanding nebula. These .scatterings lead
to a Fermi-type statistical deceleration of the electrons. The corresponding
energy loss is approximately -dxyﬁt ns\%V/r, where V is the expansion velocity
of the nebula and r its size; thus r/V ~ 7, the age of the nebula. This energy
loss process, if it is operative, dominates synchrotron ldsses for the radio ”
and optical electrons but is negligible for higher energy electrons. With only
this type of energy loss (= Vé) the electron spectrum ne(yé) retains the power
law shape of its production spectrum qe(yé). ‘

Consider the case where the radio electrons of the Crab are produced con-

tinuously and, for simplicity, at a constant rate since the origin of the nebula.



Neglecting energy losses6 the continuity equation (24) reduces to

A similar result would be obtained if the Fermi-type statistical deceleration
were operative since the characteristic loss time for this process is approxi-

mately T, the age of the nebula.

-T
Bne(y%)/at = qe(yé) = keyé e’

and so the electron spectrum at the present time would have become

n(y,) = Ta(y) =Ky ©. (41)

If the céntinuous production is via meson production in nuclear coliisions, as

was proposed by one of us (Burbidge 1958), there will also be continuous production
of ﬂD-Qecay photons, and it is of interest to compute the resulting ° -photon

flux. For a pion production spectrum.q"(Yh) = kn yﬁ-rn the t°-decay photon pro-

duction spectrum is approximately

2 '(Dn'l) -Fn

e}

dn®/an at ~3 k_ (2m /m ) n, | (k2)

in which it is assumed that L of the pions produced are m°'s and each w° of
3

energy Yer mw c2 decays into two photons of half this energy. The observed

spectral flux of 7°-photons would then be

1

(M) = ag/an = (hnde)— I av(an®/am at) . (43)

Employing the relation (8) between K and k and equations (39) and (L1) to

determine kﬁ from the radio spectrum we find

L

2 = 1.0 x 107% x 715" (44

For photons of energy around T = 200 (E ~ 100 MeV) the integrated spectrum
-4 »-0.54
1 5

This photon flux is almost four orders of magnitude smaller than the upper

with AT/T ~ 1 gives J3°(ﬂ) an ~ 10 ~5.7T x 10-6 photons/cm2-sec.

limit established by Kraushaar and Clark.
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One can also calculate the high energy proton flux required to produce the
pion production rate necessary to account for the secondary electron density and
the radio spéctrum. From this proton flux one can then compute the amount of
K-series and X-rays in the wavelength range of the observations of Bowyer et al.
produced following K-shell ionization. The calculated X-ray flux, for a low
energy proton cut-off Yb = 1 is about T orders of magnitude smaller than the
dbgerved flux. .

A more definite conclusion regarding secondary electron production in the
Crab Nebula may be provided by an analysis of the observations of Fruin et al.
(1964). By employing Cerenkov light detectors to observe light pulses from
showers in the atmosphere they were able to set upper limits for the high energy
photon flux from the Crab Nebula and also from the gquasi-stellar radio sources
3C147, 3Cl96, and 3C273. The threshold energy for their detection system was
5 x 1012 v n a;lOT). The established upper limits to the photon fluxes are
listed in Table 4.

If photons of energy T = 107 result from the decay of r°'s produced’in
nuclear collisions, the corresponding synchrotron emission frequency in the Crab's
magnetic field by electrons resulting from the decay of charged pions of the same
energy is about v = 1016 c/s for H = lO'h gauss. This frequency is about midway
(on the logarithmic scale) between the optical and X-ray frequencies at which
the Crab has been observed (see Fig. 5). It is of interest to compute the
m°-photon flux at M = 107 from the Crab on the assumption that the optical - X-ray

flux (if it exists) from the Crab is due to synchrotron emission by secondary-

produced electrons.

16

In the region around v = 10 c/s the apparent index of the synchrotron

spectrum‘is (Fig. 5) a = 1.1, 0 that the electron spectrum in this region is of
r

e . _ ; ,
the form ne(yé) = Ky, with [ = 3.2. Moreover, for these high energy electrons
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the dominant energy loss process is synchrotron emission and Ke is related to

the electron production spectrum q'e('Ye) = K v, ﬂ(l"'l_r r, - 1) by [cf. Section
IITe, Eq. (28)]

Ky =k /o(T_-1), . (45)

with k_ related to k_ by equation (8). Calculating the m°-photon flux as in
-1
equations (41) and (42) and again determining the parameter (lmdg) Vok, from

the supposed synchrotron emission rate [Fv ~ 1.4 x 10727 w/m2 - (c/s) at

5
16

v = 10 c/ 5] one calculates a n°-photon spectrum given by

-2.2
M = 2.2 (L6)

T we find the integrated spectrum with AT/T ~ 1 gives

For photons of energy 1 = 10
qu (M) an ~ 2.2) T]'1°2 ~8 x 1077 photons/cm2-sec. This calculated photon flux

is almost two orders of magnitude above the observational upper limit (Table 4).
Thus, the present preliminary observations are inconsistent with the interpretation
of the X-ray emission. from the Crab as synchrotron radiation if the necessary
continuous production of high energy electrons is through secondary production

via m-p-e decay. If electrons are produced by secondary prc;cesses at a lower
energy and then accelerated by :Fermi processes to energies at which they will
radiate synchrotron X-rays, it may be possible té explain the observed X-ray flux
without coming into conflict with the results of Fruin et al.

In sumary, rega.rding'synchrotron radiation and the relativistic electrons

in the Crab, provided that the magnetic field is as weak as lO")+ gauss, the view
that the energetic electrons responsible for the radio and optical radiation in
4 the Crab were produced in the initial supernova outburst is quite consistent.
In fact , the apparent reduction below the extrapolated radio spectrum F\) = Cri;'a

in the optical region may possibly be interpretated as a result of energy losses

by the more energetic electrons; that is » higher energy electrons would have

already decayed in energy since the birth of the nebula. Jn the other hand, the
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elect}ons required to produce synchrotron radiation in the X-ray region woul.d have
to be continuously produced.

It should be pointed out that X-rays can also be emitted by the synchrotron
Process if electrons which are nomally radiating in the optical range spiral into
regions of much higher magnetic field. Since the critical frequegéy is’prqportional
to H, this means that the field must be increased by a factor of (vx/vo) ~10°.

Thus this would imply that there are.xegions in the Crab with magnetic field strengths

as high as 107t gauss. There are many difficulties associated with such a model

- partly because it would require continuous production of particles which move into

regions of high field, since the lifetimes are proportional to (HJ_)-2. Also, the
mechanism by which such concentrations of magnetic flux can be maintained is difficult
to understand. These questions will be considered in more detail in a separate paper.
Finally, we should like to mention another possible explanation for the obsérved.
X-rays from the Crab, namelf the recent suggestion by Heiles (1964). According to
Heiles the high temperature region behind the shock front of the nebula expanding
into the interstellar gas would emit thermal bremsstrahlung X-rays at a rate
corresponding roughly to that observed for the Scorpius and Crab Nebula sources.
This problem probably needs further investigation; among other fhings, it is not
clear how the required shock wave is initially produced.
Apart from the_generation of hard radiation by the processes described above
in the supernova explosion which gave rise to the Crab, considerable amounts of -
radio-active nuclei may have been synthesized (Burbidge, Burbidge, Fowler, and
Hoyle 1957). While in more recent years it has been proposed that the light emitted
in a supernova outburst may not be predominantly due to such elements as Cf25u, (ef.
Hoyle, Fowler, Burbidge, and Burbidge 1964) a test of the different hypotheses may
be possible. The flux of y-rays emitted by such nuclei as szsl, Cf2u9, Am2u3,
Am?hl, U233, Pa23l,vand Ra226 has been estimated by Savedoff (1959). The energies
lie in the 100 kev range and the calculated fluxes range from 0.011 cm'2 sec'l
(from C£2%%) to 4.2 x 1072 (from U°33).
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V. EXTRAGALACTIC DISCRETE SOURCES

The only discrete sources of high energy cosmic photons which have been
established with some certainty are the Scorpius source from which an energy
flux of JE ~lO'7 erg/cme-sec isﬂobserved in the X-ray region and the Crab
Nebula from which a flux aboutjyk)as large is observed. It is of interest to
consider the possibility that thé Scorpius source is of extragalactic origin
as well as to consider the common'assumption that it is a galactic object. If
the Scorpius source were at a typical galactic distanée (that is, within our

E

If it were at a typical inter-galactic distance (the distance to a nearby galaxy)

own Galaxy) dg ~ 10 kpc, its X-ray luminosity would be Lg = hﬂdgEJ ~ 1037 erg/sec.

di ~ 1 Mpc, its luminosity would be Li g «»10h3 erg/sec, while if it were at
a cosmological distance (to a distant galaxy) dc ~ 1000 Mpc, its luminosity would
be Lc ~110h9 erg/sec. We now make several observations concerning ihe energetics

of the problem of establishing the distance to and nature of the Scorpius source.

FPor a supernova remnant of age T, ~lOlO sec, Lg TS ~'1ou9 erg. Since this is

comparable with the light energy emitted by a supernova and also with the kinetic
energy, and may be some fraction of the total energy released, this means that

a galactic supernova at a distance ~ 10 kpc could supply the energy radiated in

0

X-rays by the Scorpius source for only a relatively short time (A‘lol sec). On

a cosmic time scale Tc ~lOlO yr. the energy Li-g T~ 3X 1060 erg is small com-

TThis time is also roughly the characteristic time for the evolution of a galaxy.

62 erg), but a

pared with the optical energy radiated by a normal galaxy (~ 10
normal galaxy would be expected to radiate a very much smaller amount of energy
in X-rays. ©No unusual external galaxies are observed in the direction of the
Scorpius source which is about 20° off the galactic center, although interstellar

extinction of our own Galaxy prevents observations at lower galactic latitudes

(say = 10°). However, there are no strong radio sources in the direction of
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Scorpius. Regarding the possibility that the Scorpius source is a distant galaxy,
we note that Lc To ~ 3Xx 1066 erg, much greater even than the rest ﬁass energy
Mgc2 of a galaxy. Moreover, in the matter-anti-matter annihilation of a galactic
mass which we might conceive took place in a time << Tos the photon energies

would be = 0.5 MeV, not X-ray (keV) energies. On the other hand, the size of a
small radio source, for example a quasi-stellar object, is s ~ 10 kpc, and the
time Ts for a light signal to propagate this distance is s/c ~‘1012 sec. The
product Lc Ts is theﬁ ~o1061 erg, roughly the energy Er of strong radio sources
which may be stored in the ralativistic particles.

In summary, it appears that normal distant galaxies (including radio

: 8
galaxies) are incapable of producing the observed energy flux JE corresponding

For example, we compute an X-ray flux from the Compton process in the gquasi-
stellar radio source 3C48 about 11 orders of magnitude smaller than the flux from
the Scorpius source. The source 3CU8 is a small radio object with a high optical

luminosity, so that the thermal photon density in the region of the radio electrons

is fairly high.

to the Scorpius source over evolutionary time scales ~:lOlo yr. However, an out-

burst over a shorter time might be capable energetically of producing the required
X-ray luminosity. Let us consider further such a hyppthetical outburst in a
galaxy at a distance d involving the release of an amount E of energy, of which

a fraction ?Y is emitted in high energy photons of mean energy Ey' If the out-

burst occurs during a time T, the observed resulting photon flux would be
J =X (47)

For E = lO60 erg, d = 1000 Mpc, and with EY in MeV and T in years we have

- 2
J =~ 170 £ /E T photons/cm -sec
Y v/v / ’

and for EY ~ 100 MeV (mean energy from t°-decay) and T ~ 1000 yr (time scale for
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outburst), JY ~ 1073 f‘Y phot—ons/cmz-sec. Unless f‘Y is very small, a fiux of
this magnitude could be observable. The detection of such a discrete source
of wy-rays (or X-ra.ys) might then possibly be interpreted as the observation
of the birth of a strong radio source. Finally, we might mention that Duthie
et al. report a possible (~ 100 MeV) y-ray flux of ~ 0.002 photons/cme-sec

from Cy@us.A which is at a distance ~ 100 Mpec.



VI. NEUTRINO SOURCES

Any review of the fluxes of hard radiation whichvmay be present in the
universe would not be complete without mention of neutrinos. In principle
detection of neutrino fluxes would give valuasble direct evidence concerning
conditions in stellar interiors, and also if high energ:} neutrinos could be
observed information on the high energy particle flux could be obtained:
Moreover, evidence of the energy density of neutrinos in the universe may have
cosmological significance. The subject of neutrino astrdnomy has been discussed’
and reviewed ad nauseam in the last two or three years following developments
in the 'bhéory' of weak interactions and the realization that neutrino emission
processes will become the dqmina.n‘b energy loss mechanism in the final stages
of stellar evolution. Recent papers and reviews which have given some account
of these processes and their repercussions on stellar evolution, nucleosynthesis,
supernovae and cosmology and in which full references can be obtained are by
Pontecorvo (19€3), Fowler and Hoyle (1964), Burbidge (1962), Weinberg (1962), Fodor,
E{SWGSSY, and Marx (196k4), and Chiu (l%h). We only give a very brief summary here.

While the energy density in the flux of neutrinos is very considerable,
so that, for example, for a normal galaxy it will be some 4% of the total
luminous flux or about k4 x loh2 erg/sec, the very small interaction cross-sections
(’Y lo-lm Tlvz Cm2>, (unless resonances are present, cf. below) obviously make
the fluxes very difficult of detection. Moreover no method of detecting low
energy neutrinos with energies below those necessary to induce inverse beta decays
is known. We illustrate the problems by discussing the work on solar neutrinos
and then consider flu.xes‘ from more distant stars and galaxies.

Neutrinos (ve) are emitted in the normal hydrogen burning processes in
stars. About 2% of the energy released in the p-p chain and about 6% in the CNO
cycle is emitted as neutrinos. At present there is no way known aof detécting
neutrinos emitted in Hl(p ,ev)D2 because they have a maximum energy of 0.42 Mev
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and‘are thus not able to induce inverse beta decay.

’ Undoubtedly the sun is likely to be the strongest apparent source of
neutrinos and direct detection of them is of the greatest importance. Following
an early suggestion of Pontecorvo, Bahcall (1964) and Davis (1964) have considered

in detail the possibility of the detection of neutrinos emitted in Be7(e',v) Li'

8

and 32(e*,v) Be® through their sbsorption 237 (v,e”) Ar3'; the activity of Ar3'

is then measured. On the basis of the best solar models (Sears 1964) Bahcall

has estimated that the fluxes at the earth's surface will be 1.2 x lolo

T

neutrinos/cm?/sec and 2.5 x lQT/cm? sec from the decay of Be' and 58 respectively.

From Bahcellfs analysis of the cross-sections for TEL (v,e”) Ar3T Davis has
5

concluded that the expected neutrino captures in 10” gallons of CECLA in a mine
would be about 4 - 11 a day which would be an order of magnitude above the back-
ground produced by the production of Ar37 by cosmic rays underground through
0237 (p,n) Ar37. The flux of detectable neutrinos from the central bulge of

T 8

the galaxy will be less than that from the sun by a factor 10° - 10~ while the

flux to be expected from a nearby galaxy such as M 31 would be less than the sun

ll. While neutrinos are emitted in the normal energy producing

by a factor ~ 10
cycles in the stars, neutrinos and anti-neutrinos are emitted with positrons and
electrons respectively by beta unstable nuclei in the processes of energy
generation and element synthesis beyond hydrogen. However, for a galaxy in a
steady state it is easily shown that the fluxes to be expected are small com-
pared with those emitted in hydrogen burning.

In the high temperature phases of stellar evolution (for core temperatures
=2 5x lO8 degrees) neutrino pair emission becomes the dominant mechanism of energy
loss. They arise by a variety of reactions in all of which they replace photon

emission. An important process is

+ - -
e +e =V +Vv
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While this mechanism of energy loss is important from the point of view of the
evolutionary process, an individual object (perhaps the immediate forewarning
6f a supernova) would be very difficult to detect even if a mechanism of
detecting low energy neutrinos were found, because of the very short time scale
associated with such evolutionary phases. Thus, for example, Fowlér and Hoyle
(1964) have calculated that if one solar mass in the center of a massi&e star
reaches a temperature of 3.5 x lO? degrees the neutrino flux will amount to -

ﬁ.lphT

erg/sec. However, this phase will only last a few seconds. At a later
stage, after a star has exploded and if a neutron configuration remains, the
initial neutrino flux for a core temperature of 2 x 109 degrees will be about
4 x 1037 erg/sec (Chiu and Salpeter 196L) and the time scale associated with
this phase will be about 10 years.

We turn finally from the low energy neutrinos emitted in stellar evolution
to consider the possibility as to whether high energy neutrinos (Ev 2 100 MeV)
are emitted in supernova outbursts and from radio sources in which large fluxes
of high energy particles are present. Neutrinos are produced whenever a flux
of high energy nuclides (protons) interacts with the nuclei of the local gas
atoms to produce pions} In the w— u — e decay of the charged pions both
neutrinos and antineutrinos of the electron and muon type result. That is, in

the pion decay

+ +
LI +V|J',

- - - (48)
T DR+ Vp.;
while in the muon decay
Taet vy + 3
e e pf (49)
- + -—
B e +V_ + V..

e u

Thus, a single charged pion pair n+, m results in 2(vu + Gp) + (ve +‘3é); twice

as many u-neutrinos as e-neutrinos are produced. In the pion decay the muon is
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essentially non-relativistic in the rest frame of the pion and most of the energy

is carried away by the neutrino; here Ev ~(m -m )02 zﬁ- mﬂc’z. In the muon

i o]
decay the mean neutrino energy is about L mpce = % mﬂce in the rest frame of the

3
muon and pion (see Sect. IIb). Thus, the mean lab energy. of the neutrinos in

both decays is about i Y mﬂcz = & E .
The (a.nti)neutrino i)roduction spectrum is readily computed from the pion
production spectrum and is of the form similar to that for the productibn spectrum

of 1P -decay photons [see Eq. (41)], that is, dnv/dT]vdt o Tk)_ ﬂ, where 1"1_r is the
index of the pion production spectrum. The ratio of the (anti)neutrino production
spectrum (or of the spectral flux) to the 1° -decay photon spectrum at the same 1

is, assuming equal numbers of w , ™, ™ produced, roughly

~ -(T_-2)
; ~ 2
(vu./y/same 7 w 1 _ (50)

; (T
\ve/y>sa.me n~ 2

L

Bahcall and Frautschi (196&) have discussed the detection of high energy
neutrinos and have‘considere'd the possibility of observing a neutrino flux from
the Crab Nebula and other radio sources. They assume neutrino production via
T - @ decay, which implies also continuous production of pions é.nd ™ -decay
photons. Assuming a continuous constant production of high energy radio electrons
through m-p decay in the Crab since its birth, the associated m°-decay photon
flux was calculated in Section IV [Eq. (44)]. The corresponding neutrino flux
is of the same form r

5,() =xn ", - (51)

with l".'_r = 1.54, For p-neutrinos k =~ 20'% x 1.0 x ].O'LL em™2 sec'l, while

for e-neutrinos ke s —é— ku. This neutrino spectrum and also the n°-decay photon
spectrum is associated with (if there is continuous production) the radio

synchrotron spectrum for 107 e/s <v < lOlb' c/s and with electron energies
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200 <y, <6 x 10

2. The range of “v over which equation (51) should represent )
the neutrino spectrum is the same as the range of Yo s that is for

100 MeV = 'EV < 300 BeV. A neutrino spectrum similar to equation (51) was
derived by Bahcall and Frautschi. vHowever, we doubt that such a neutrino

flux will ever be observed from the Crab. 1In Section IV we showed that there

is evidence against continuous production via m-p decay of very high energy
electrons which would produce synchrotron radiation in the optical - X-ray

range; moreover, the lifetime against synchrotron losses for the radio and
optical electrons in the Crab is longer than the age of the nebula. We therefore
feel thét probably there is little or no continuous production of radio electrons
in the Crab and no associated neutrino or °-decay photon production.

Regarding possible neutrino production in other radio sources, in particular
in extragalactic objects, similar considerations apply. If there does exist
continuous production of radio electrons via m-p decay, and a steady state exists,
then the energy radiated in neutrinos would be comparable to the total energy
emitted in synchrotron radiation by the relativistic electrons producea with the
neutrinos. For fnormal" radio galaxies with steep spectra (index o ~ 0.8) most
of the neutrinos produced would have fairly low energies (Ev ~ 100 MEV), while
sources with flat radio spectra (e.g., Crab Nebula, M 82) might be expected to
emit predominantly higher energy neutrinos (say, Ev ~ 100 BeV). The strong
extragalactic radio sources and quasi-stellar objects would be emitting lower

energy neutrinos with Ev ~ 1 BeV at power levels of lohu - lOL&5

erg/sec.
However, it appears probable now that such steady state conditions are

not present in these sources, so that even if large proton fluxes are present,

the neutrino fluxes will be much lower than this (cf. Burbidge, Burbidge, and

Sandage 1963). On the other hand it is possible that at an early phase when a

violent outburst in a galaxy gives rise to some 1060 ergs of high energy particles
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’(perhaps over a period of 1000 years), a large fraction of which may be
protons, the collisions of some part of these with the interstellar gas before
they escape into regions of very low density might give rise to a flux of high
energy neutrinos several orders of magnitude greater than the values corresponding
to steady state conditions. Thus one might expect to observe both neutrinos and
r° -decay photons from a violent outburst in a galaxy (see Sect. V).

The possibility of detecting such fluxes of high energy neutrinos haé
been considered by Bahcall and Frautschi (1964). They have pointed out that
the very small cross sections for the interaction of neutrinos with matter mean
that from very strong radio sources with a dominant proton flux only one neutrino-

p

induced event per day would be experienced in a 10” ton absorber. However, as
Bahcall and Frautschi have proposed, the possibility exists that resonances in
neutrino interaction processes are present. As they suggest, the reaction

- - - +
Ve t e v, B | (52)

may have a resonance and may be detected by neubrino interactions with material
in the earth's crust. Clearly a great deal of information might be gained from
observations of neutrinos from extragalactic objects. Thus the most pressing
requirement is to devise a neutrino telescope which has good angular resolution.
Bahcall and Frautschi have suggested that the muons ejected in (52) may enable

this to be achieved.
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VII. CONCLUSION

We have tried to summarize those mechanisms which may give rise to hard
radiation in the universe. At present, apart from observations of the sun,
there is little observational eJidence which can be used in conjunction wifh
the theoretical estimates. The brilliant work of the NRL and MIT‘groups has
shown that there are sources of X-rays at flux levels which are detectable
with present techniques. Moreover the absence of a large isotropic fldx of
X-rays has enabled us to set limits oﬂ the temperature of the intergalactic
medium. As far as wy-rays are concerned it is not yet clear whether high
energy vy-rays are present at the flux levels calculated in Section III. The
detection of high energy neutrino fluxes would be very exciting but the pre-
liminary results (cf. Cowan et al. 1964) must be viewed with caution.

What are the possibilities for further investigations in this field? To
us the parallel of this field of reseafch with that of the early days in radio
;stronomy is strong. There is one major difference, however, and this concerns
the theoretical expectations in the field.

The discovery of significant fluxes of radio emission from the cosmos
was totally unexpected, and in the first decade after the war theoreticians
only gradually came to understand that the process by which the non-thermal
sources radiate is the synchrotron mechanism. Of course the process of
thermal emission was well pnderstood but could not explain the strength or
the spectral characteristics of the bulk of the radiation. During this period
there was much confusion because of the unexpected nature of the discoveries
and it was the interplay between the theory and optical observation which led
to the elucidatidn of the mechanism by which the sources radiate. The theo-
retical problem then devolved into that of understanding how the vast fluxes

of relativistic particles and magnetic field originate.
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As far as the hard radiation is concerned, the physical mechanisms by
which such radiation can be emitted are well known and the level at which fluxes
have been detected (or not detected) suggests that no objects with the un-
expected character of the radio sources are likely to be found by observational
techniques in this energy range. If hard radiation is emitted by hot bodies,
then they must have very hot surfaces and hence they will cool very rapidly
and soon cease to emit hard radiation. Otherwise the mechanisms by which hard
quanta are emitted all stem from the interaction of fast charged particles with-
matter, radiation, or magnetic fields. Knowledge gained through cosmic-ray and
radio astronomical discoveries enables predictions to be made of the fluxes
of hard radiation to be expected with a range of parameters associated with
the present uncertainties in these quantities. Thus detection and even non-
detection of hard radiation will be most valuable in determining the state of
matter and radiation in the universe.

The parallel between the developments in radio astronomy and X-ray, y-ray,
and neutrino ast%onomy is very close when we consider the problem of the discrete
sources. In the early days in radio astronomy resolution was very poor and at
least one of the strongest sources was put in the wrong constellation by one
notable group of investigators. All of the major developments in the study of
discrete radio sources have come in step with thevincrease in precision with
which positionsyof sources could be determined. This has enabled the objects
to be observed optically with large telescopes. ‘With optical identification
has come meaéurement of distance and with this a beginning of quantitative
study of the physical conditions in the sources. It is the absence of a

method of determining the distance of an extragalactic source which has required
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the cooperation of optical and radio telescopes.'9 The same situation appears

In principle the 21 cm line is a powerful tool for determining distance by
redshift measurements, but in practice it cannot be used since to detect the
feature in galaxies at only very modest distances (2 20 Mpc) is beyond the

capability of present day radio telescopes.

to apply in y-ray and X-ray astronomy, since the flux emitted in lines will in
general be small. A vast improvement in resolution is required in order to
determine better positions for the X-ray sources in the directions of Scorpius
and the Crab. The lunar oqcultation observation of the NRL group is a first
step in this direction. Such an improvement in resolution together with
greatly increased sensitivity will be required, for example, before it can be
established or denied that neutron stars have been detected. In principle the
problem is even more difficult that this, since it would be necessary to prove
that the object is of stellar size or less, and even if its angular size were
shown to be infihitesimally small its distance would still not be known from
observationfu? The location of a small source within the Crab would not in itself

]ihfter all, it should be remembered that a persistent heresy in the radio

astronomical field is that the large bulk of the sources are nearby stars.

There is no direct disproof of this, though all indirect arguments are against it.

be adequate proof of the existence of neutron stars since other mechanisms

could provide the observed flux (cf. Section IV). Conversely, fhe establishment

of an extended source in the Crab-does not definitely rule out the neqtron star
hypothesis, since a cluster of such stars might be involved. Apart,from theoretical
arguments concerning the lifetimes of hot npeutron stars, determination of the form
-of thevsPectrum of the radiation and the”setting of limits to the flux of wy-rays

“uhich is present would be a good observational test of the neutron star hypothesis,
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It is clear that the various theoretical estimates of fluxes which we
have given in this paper suggest that a great increase in sensitivity of
detectors as well as good resolution will be needed to exploit this field to
the utmost. Finally, it is not out of place to remark that the X-ray obser-
vations have a.lready_ shown that the universe is not very hot, and it may in
fact be rather cool. In this case, apart from the neutrino flux which is
part of the general cosmological thermal radiation field, the flux of hard.
radiation may be rather weak.

We are indebted to‘ma.ny’ friends and colleagues who have provided much
material prior to publication. This research has been supported in part by

the National Science Foundation and in part by NASA through contract NsG-35T.
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TABLE 1

THE OBSERVED HIGH ENERGY COSMIC PHOTON SPECTRUM

Designation L - 3 M
Author Energy n

' A in Fig. & (cm'2 sec‘l)
Giacconi et al. (1962) G ~ 2-3 kev 5 x 1073 4 x 103
Bowyer et al. (196L) B ~ 2-3 kev 5 x 10°3 2 x J.OLL
Arnold et al. (1962) A ~ 1 Mev 2 0.08
Kraushaar and Clark (1962) K-C ~ 100 Mev 200 b x 1077
Duthie et al. (1963) D ~ 100 Mev 200 3x 107
Firxouskl gt 1. (1962) EAS ~ 107 ev 2 x 107 10720

Suga et al. (1961.)
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TABLE 2

POWER RADIATED BY A MAXWELLIAN GAS

T, (°k) p, = Rx/nez (erg-cm3/sec)
Bremsstrahlung Recombination Line Radiation
10% 9 x 10°32 3x 10" 7 x 10737t
2 x 10° 5 x 10-28 8 x 10727 b x 1027
L x 10° 6 x 1026 1x 1072 1 x 1072
6 x 10° 3 x 10727 b x 10722 2 x 10724
8 x 10° 6 x 10727 8 x 10727 3 x 10724
107 1 x 10°2% 1 x 10724 3 x 1072




TABLE 3

FLUX FROM A NEUTRON STAR OF 0.5 My

(Teken from Chiu and Salpeter)

Core Temperature Absolute Luminosity Optimum A Flux Flux T
' gphotonsg :
(°k) (erg/sec (4) (erg/sec) (erg/sec) (years)

Distant Distant
100 pec 1000 pc

1 x 107 g x 10 3.1 7 x 107° 7x 1078 1000

5 x 10° 3x 100 3.9 2.5x10° 2.5x10% 1000

2 x 100 3 x 10 6.8 2.5 x 1071 2.5 x 1077 1500




TABLE L4

UPPER LIMITS TO THE HIGH ENERGY PHOTON FLUX FROM VARIOUS SOURCES
(After Fruin et al.)

Photon Flux
Source o
(photons/cm-sec)
Crab Nebula ' | 1 x 10710
3C14T7 1 x 1070
3196 s x10t
30273 ' 3x 1070
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FIGURE CAPTIONS

Fig. 1 Electron energy loss rate in the Galaxy by synchrotron emission (8),
leakage out of the halo (L), bremsstrahlung (B), Compton scattering

(C), and ionization (I).

Fig. 2 Electron energy loss rate in the intergalactic medium by synchrotron
emission (S), cosmic expansion (E), Compton scattering (C), brems-

strehlung (B), and excitation of plasma oscillations (P).

Fig. 3 Calculated ehergy spectrum of relativistic electrons in the galactic

halo and in the intergalactic medium.

Fig. 4 Calculated high energy photon background fluxes from synchrotron radiation,
Compton scattering, bremsstrahlung, and m°-decay. The unprimed-designated
spectra represent the galactic contributions and the primed denote the
spectra from the intergalactic medium. Observational points are de-
noted by.circles. The letters next to fhe points refer to the observers

(see Table 1). .

Fig. 5 Observed radiation from the Crab Nebula in the radio (R), optical (0),

and X-ray (X) regionms.
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